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@ The diffractive optical modulator of the invention 
includes: a plate having a portion functioning as a 
first electrode; a spacer layer formed on the plate; 
and a grating consisting of a plurality of beams 
having a portion functioning as a second electrode, 
both ends of the beams being supported on the 
spacer layer. In the diffractive opticaJ modulator, by 
adjusting a voltage applied between the first elec- 
trode and the second electrode, a distance between 
the beams and the plate is varied, thereby control- 
ling the diffraction efficiency. An insulating layer is 
further provided between the plate and the plurality 
of beams. 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention: 

The present invention relates to a diffractive 
optical modulator for modulating a light intensity 
and a method for producing the same; an infrared 
sensor including such a diffractive optical modula- 
tor and a method for producing the same; and a 
display device including such a diffractive optical 
modulator. 

2. Description of the Related Art: 

A diffractive optical modulator modulates the 
intensity of incoming light by using the diffraction. 
A conventional diffractive optical modulator is dis- 
closed, for example, in O. Solgaard et al., "Defor- 
mable Grating Optical Modulator," Optics Letters, 
Vol. 17, No. 9, May 1, 1992. The diffractive optical 
modulator disclosed in this article modulates the 
light intensity by using the diffraction effects of 
light. This modulator can be produced with a re- 
duced size by an IC process, making such a 
modulator suitable for mass-producing. 

The diffractive optical modulator disclosed in 
this article includes: a silicon substrate; a spacer 
(or silicon oxide film) formed in a peripheral region 
on the silicon substrate; and a grating consisting of 
a plurality of fine dielectric beams (or silicon-rich 
silicon nitride films), both ends of which are sup- 
ported by the spacer. A reflection film functioning 
also as an electrode is provided on the upper 
surface of the grating. When a voltage is applied 
between the reflection film and the silicon sub- 
strate, an electrostatic force (or a Coulomb's force) 
is generated therebetween, so that the grating is 
deflected. As a result, the lower surface of the 
deflected grating comes into contact with the upper 
surface of the silicon substrate. Since the distance 
between the reflection film provided on the upper 
surface of the grating and the reflection film pro- 
vided on the upper surface of the silicon substrate 
is varied in accordance with the application of a 
voltage, the diffraction efficiency is also varied. 

In a conventional diffractive optical modulator, 
the beams are made of a dielectric material, and 
the modulator is driven by applying a voltage be- 
tween the reflection film provided on the upper 
surface of the beams and the substrate. Accord- 
ingly, in the case of modulating light having a long 
wavelength such as infrared light, the distance be- 
tween the upper and the lower electrodes becomes 
long, so that the driving voltage is required to be 
adversely high. In addition, the beams are formed 
by nitride films, and therefore a strong residual 
tensile stress is caused in the films. In general, the 
residual stress in a nitride film is almost as large as 



1 GPa. In the above-mentioned conventional exam- 
ple, the beams are formed by silicon-rich nitride 
films, so that the residual stress is reduced to 
about 200 MPa. However, it is very difficult to 

5 reduce the tensile stress to a small one in accor- 
dance with such a method for reducing the stress, 
and the uniformity of the film is also degraded. 
Moreover, the spacer layer is formed by a silicon 
oxide film, and then removed by a wet etching 

10 (W/E) process. When the grating is dried after 
being rinsed, the surface tension of the rinsing 
liquid adversely causes the sticking of the beams 
onto the surface of the substrate In order to solve 
such problems, a method in which protrusions pro- 

75 vided on the lower surfaces of the beams prevent 
the sticking, or a so-called freeze drying method in 
which the beams are frozen, for example, in pure 
water after being rinsed and the frozen pure water 
is sublimated under vacuum has been used. How- 
20 ever, both the methods disadvantageously com- 
plicate the production process. 

SUMMARY OF THE INVENTION 

25 The diffractive optical modulator of the inven- 

tion includes: a plate having a portion functioning 
as a first electrode; a spacer layer formed on the 
plate; and a grating consisting of a plurality of 
beams having a portion functioning as a second 
30 electrode, both ends of the beams being supported 
on the spacer layer. In the diffractive optical 
modulator, by adjusting a voltage applied between 
the first electrode and the second electrode, a 
distance between the beams and the plate is var- 
35 ied, thereby controlling the diffraction efficiency, 
and an insulating layer is further provided between 
the plate and the plurality of beams. 

In one embodiment, a reflection film is formed 
on a surface of the insulating layer and on surfaces 
40 of the beams. 

In another embodiment, the plate is made of a 
semiconductor functioning as the first electrode. 

In still another embodiment, the plate consists 
of a conductive layer functioning as the first elec- 
45 trode and an insulating substrate for supporting the 
conductive layer. 

In still another embodiment, at least lower sur- 
faces of the beams are made of a conductive 
material. 

50 In still another embodiment, at least lower sur- 

faces of the beams are made of a conductive 
material which is not likely to be oxidized. 

In still another embodiment, the spacer layer is 
made of an organic material. 

55 In still another embodiment, the conductive 

materia! is selected from the group consisting of 
Au, Pt, Ti, an NiCr alloy, a CuNi alloy, chrome 
steel, and a conductive organic material. 
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In still another embodiment, the spacer layer is 
made of the same material as a material of the 
plurality of beams. 

In still another embodiment, a width of the 
beams supported on the spacer layer in a longitu- 
dinal direction is less than twice of a thickness of 
the beams. 

The diffractive optical modulator according to 
another aspect of the invention includes: a plate 
having a portion functioning as a first electrode, 
and an upper surface and a bottom surface; a 
spacer layer formed on the upper surface of plate; 
and a grating consisting of a plurality of beams 
having a portion functioning as a second electrode, 
both ends of the beams being supported on the 
spacer layer. In the diffractive optical modulator, by 
adjusting a voltage applied between the first elec- 
trode and the second electrode, a distance be- 
tween the beams and the plate is varied, thereby 
controlling the diffraction efficiency, and a first an- 
tireflection film made of an insulating material is 
further provided on the upper surface of the plate, 
and a second antireflection film made of an insulat- 
ing material is further provided on the bottom sur- 
face of the plate, and each of the beams consists 
of a beam-shaped reflection film functioning as the 
second electrode and being made of a conductive 
material, and an elastic layer formed on the beam- 
shaped reflection film. 

The diffractive optical modulator according to 
still another aspect of the invention includes: a 
plate having a portion functioning as a first elec- 
trode; a spacer layer formed on the plate; and a 
grating consisting of a plurality of beams having a 
portion functioning as a second electrode, both 
ends of the beams being supported on the spacer 
layer. In the diffractive optical modulator, by adjust- 
ing a voltage applied between the first electrode 
and the second electrode, a distance between the 
beams and the plate is varied, thereby controlling 
the diffraction efficiency, and the plurality of beams 
are arranged so that a movable distance between 
the plurality of beams and the plate becomes mini- 
mum on an optical axis of incoming light. 

The diffractive optical modulator according to 
still another aspect of the invention includes: a 
plate having a portion functioning as a first elec- 
trode; a spacer layer formed on the plate; and a 
grating consisting of a plurality of beams having a 
portion functioning as a second electrode, both 
ends of the beams being supported on the spacer 
layer. In the diffractive optical modulator, by adjust- 
ing a voltage applied between the first electrode 
and the second electrode, a distance between the 
beams and the plate is varied, thereby controlling 
the diffraction efficiency, and a thickness of the 
plurality of beams is adjusted so as to be minimal 
on an optical axis of incoming light. 



In one embodiment, the first electrode is 
grounded, and a voltage is applied to the beam- 
shaped reflection film. 

In another embodiment, the elastic layer is 

5 made of the same material as a material of the 
beam-shaped reflection film. 

According to still another aspect of the inven- 
tion, a method for producing the diffractive optical 
modulator is provided. The method includes the 

10 steps of: depositing a first layer functioning as a 
spacer layer on a plate; and depositing a second 
layer functioning as beams on the spacer layer. In 
this method, during the step of depositing the first 
layer, the first layer is deposited while moving a 

15 shield disposed between a deposition source for 
supplying a material of the first layer towards the 
plate and the plate, thereby varying a thickness of 
the first layer at respective positions. 

According to still another aspect of the inven- 

20 tion, a method for producing the diffractive optical 
modulator is provided. The method includes the 
steps of: depositing a first layer functioning as a 
spacer layer on a plate; and depositing a second 
layer functioning as beams on the spacer layer. In 

25 this method, during the step of depositing the sec- 
ond layer, the second layer is deposited while 
moving a shield disposed between a deposition 
source for supplying a material of the second layer 
towards the plate and the plate, thereby varying a 

30 thickness of the second layer at respective posi- 
tions. 

According to still another aspect of the inven- 
tion, a method for producing the diffractive optical 
modulator is provided. The method includes the 

35 steps of: forming an insulating film on a plate 
having a portion functioning as a first electrode; 
depositing an organic film on the insulating film; 
depositing a conductive thin film on the organic 
film; patterning the conductive thin film, thereby 

40 forming a plurality of beams functioning as a sec- 
ond electrode; and removing a predetermined por- 
tion of the organic film by a dry etching process, 
thereby forming a spacer for supporting both ends 
of the plurality of beams. 

45 According to still another aspect of the inven- 

tion, a method for driving the diffractive optical 
modulator is provided. In this method, voltages in a 
rectangular waveform having an equal absolute val- 
ue and opposite polarities are applied to the first 

so electrode and the second electrode, respectively. 

According to still another aspect of the inven- 
tion, an infrared sensor including: a lens for con- 
verging infrared light and a pyroelectric element is 
provided. In the infrared sensor, a diffractive optical 

55 modulator for receiving the infrared light converged 
by the lens and for outputting at least a part of the 
infrared light toward the pyroelectric element is 
further provided. The diffractive optical modulator 
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includes: a plate having a portion functioning as a 
first electrode; a spacer layer formed on the plate; 
and a grating consisting of a plurality of beams 
having a portion functioning as a second electrode, 
both ends of the beams being supported on the 
spacer layer. In the infrared sensor, by adjusting a 
voltage applied between the first electrode and the 
second electrode, a distance between the beams 
and the plate is varied, thereby controlling the 
diffraction efficiency of the diffractive optical 
modulator. 

In one embodiment, the infrared sensor further 
includes: a signal amplifier, connected to the 
pyroelectric element, for outputting an electric sig- 
nal indicating an amount of infrared light received 
by the pyroelectric element; and a plurality of elec- 
trode pins connected to the first and the second 
electrodes of the diffractive optical modulator and 
the signal amplifier and the pyroelectric element, 
the electrode pins externally protruding from the 
bottom surface of the seal case. 

In another embodiment, the infrared sensor fur- 
ther includes a supporting plate for supporting the 
pyroelectric element and the signal amplifier. 

In still another embodiment, at least one of the 
plurality of electrode pins extends to an inside of 
the seal case, and the at least one electrode pin 
supports the supporting plate. 

In still another embodiment, the infrared sensor 
further includes a shield which is disposed between 
the pyroelectric element and the diffractive optical 
modulator and is grounded. 

In still another embodiment, the diffractive op- 
tical modulator has an inclination angle (e t ) of 45 
degrees or less with respect to an upper surface of 
the seal case. 

In still another embodiment, the angle (e t ) is 25 
degrees or less. 

In still another embodiment, the plate is dis- 
posed being inclined so that a normal with respect 
to a principal plane of the plate is not parallel to an 
optical axis of the lens. 

In still another embodiment, the diffractive op- 
tical modulator is disposed so that only zero-order 
diffracted light of light diffracted by the grating is 
incident on the pyroelectric element and that the 
diffracted light other than the zero-order diffracted 
light is not incident on the pyroelectric element. 

In still another embodiment, an amount of the 
zero-order diffracted light is varied in accordance 
with a variation of a distance between the beams 
and the plate of the diffractive optical modulator. 

In still another embodiment, a sea! case having 
an opening includes the diffractive optical modula- 
tor and the pyroelectric element. 

In still another embodiment, the lens for con- 
verging the infrared light is provided so as to cover 
the opening of the seal case. 



In still another embodiment, the seal case in- 
cludes: an upper surface for supporting the lens; a 
bottom surface parallel to the upper surface; and 
an inclined member for supporting the diffractive 
5 optical modulator so that the diffractive optical 
modulator is inclined with respect to the bottom 
surface by an inclination angle Q x , and the diffrac- 
tive optical modulator is disposed on the inclined 
member. 

70 In still another embodiment, the lens for con- 

verging the infrared light is a diffractive lens. 

In still another embodiment, the lens for con- 
verging the infrared light has a corrugated structure 
corresponding to a phase modulation of the lens 

15 and is made of a material selected from the group 
consisting of Si, Ge, GaAs, InP, GaP, ZnSe and 
ZnS. 

In still another embodiment, a period of the 
grating is seven times or more of a wavelength of 
20 the infrared light. 

In still another embodiment, the plurality of 
beams are arranged so that a movable distance of 
the grating becomes minimum on an optical axis of 
incoming infrared light. 
25 In still another embodiment, a thickness of the 

plurality of beams is adjusted so as to be minimum 
on an optical axis of incoming infrared light. 

In still another embodiment, the diffractive op- 
tical modulator is disposed so that a direction par- 
30 allel to a principal plane of the plate and vertical to 
the beams is vertical to an optical axis of the lens. 

In still another embodiment, a movable dis- 
tance of the beams is set to be X/(4cosa), where X 
is a wavelength of the infrared light, and 6 is an 
35 angle formed between a normal with respect to the 
principal plane of the plate of the diffractive optical 
modulator and the optical axis of the lens. 

In still another embodiment, a thickness of the 
beams is set to be X/(4cose), where X is a 
40 wavelength of the infrared light, and B is an angle 
formed between a normal with respect to the prin- 
cipal plane of the plate of the diffractive optical 
modulator and the optical axis of the lens. 

In still another embodiment, an insulating layer 
45 is provided between the plate of the diffractive 
optical modulator and the beams. 

In still another embodiment, the beams of the 
diffractive optical modulator are made of a conduc- 
tive material. 

so The infrared sensor according to still another 

aspect of the invention includes: a diffractive op- 
tical modulator for outputting at least a part of 
incoming infrared light; a lens; and a pyroelectric 
element. In the infrared sensor, the lens converges 

55 the infrared light output from the diffractive optical 
modulator on the pyroelectric element, and the 
diffractive optical modulator includes: a plate hav- 
ing a portion functioning as a first electrode; a 
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spacer layer formed on the plate; and a grating 
consisting of a plurality of beams having a portion 
functioning as a second electrode, both ends of the 
beams being supported on the spacer layer. In the 
infrared sensor, by adjusting a voltage applied be- 
tween the first electrode and the second electrode, 
a distance between the beams and the plate is 
varied, thereby controlling the diffraction efficiency 
of the diffractive optical modulator. 

In one embodiment, the infrared sensor further 
includes: a signal amplifier, connected to the 
pyroelectric element, for outputting an electric sig- 
nal indicating an amount of infrared light received 
by the pyroelectric element; and a plurality of elec- 
trode pins connected to the first and the second 
electrodes of the diffractive optical modulator and 
the signal amplifier and the pyroelectric element, 
the electrode pins externally protruding from the 
bottom surface of the seal case. 

In another embodiment, a seal case having an 
opening includes the diffractive optical modulator, 
the pyroelectric element and the lens. 

In still another embodiment, an infrared 
wavelength filter is provided so as to cover the 
opening of the seal case. 

In still another embodiment, the infrared sensor 
further includes an opening control means provided 
for the opening. 

According to still another aspect of the inven- 
tion, a method for producing an infrared sensor is 
provided. The infrared sensor includes a lens for 
converging infrared light, a pyroelectric element 
and a diffractive optical modulator for receiving the 
infrared light converged by the lens and for output- 
ting at least a part of the infrared light to the 
pyroelectric element. A method for producing the 
diffractive optical modulator includes the steps of: 
depositing a first layer functioning as a spacer 
layer on a plate; and depositing a second layer 
functioning as beams on the spacer layer. In this 
method, during the step of depositing the first 
layer, the first layer is deposited while moving a 
shield disposed between a deposition source for 
supplying a material of the first layer towards the 
plate and the plate, thereby varying a thickness of 
the first layer at respective positions. 

According to still another aspect of the inven- 
tion, a method for producing an infrared sensor is 
provided. The infrared sensor includes a lens for 
converging infrared light, a pyroelectric element 
and a diffractive optical modulator for receiving the 
infrared light converged by the lens and for output- 
ting at least a part of the infrared light to the 
pyroelectric element. A method for producing the 
diffractive optical modulator includes the steps of: 
depositing a first layer functioning as a spacer 
layer on a plate; and depositing a second layer 
functioning as beams on the spacer layer. In this 



method, during the step of depositing the second 
layer, the second layer is deposited while moving a 
shield disposed between a deposition source for 
supplying a material of the second layer towards 

5 the plate and the plate, thereby varying a thickness 
of the second layer at respective positions. 

According to still another aspect of the inven- 
tion, a method for producing an infrared sensor is 
provided. The infrared sensor includes a lens for 

io converging infrared light, a pyroelectric element 
and a diffractive optical modulator for receiving the 
infrared light converged by the lens and for output- 
ting at least a part of the infrared light to the 
pyroelectric element. A method for producing the 

75 diffractive optical modulator includes the steps of: 
forming an insulating film on a plate having a 
portion functioning as a first electrode; depositing 
an organic film on the insulating film; depositing a 
conductive thin film on the organic film; patterning 

20 the conductive thin film, thereby forming a plurality 
of beams functioning as a second electrode; and 
removing a predetermined portion of the organic 
film by a dry etching process, thereby forming a 
spacer for supporting both ends of the plurality of 

25 beams. 

According to still another aspect of the inven- 
tion, a display device is provided. The display 
device includes: a light source; a diffractive optical 
modulation unit provided on an optical path of light 

30 emitted from the light source; and an optical ele- 
ment for imaging light output from the diffractive 
optical modulation unit. The diffractive optical mod- 
ulation unit is provided with a diffractive grating 
means, thereby controlling a diffraction efficiency 

35 of the diffractive grating means. 

In one embodiment, the diffractive grating 
means is a reflective type means. 

In another embodiment, a lattice pitch of the 
diffractive grating means is seven times or more of 

40 a central value of a waveband of the light. 

In still another embodiment, the diffractive op- 
tical modulation unit includes a plurality of diffrac- 
tive optical modulators two-dimensionally arranged 
as the diffractive grating means, and the plurality of 

45 diffractive optical modulators respectively corre- 
spond to a plurality of pixels. Each of the plurality 
of diffractive optical modulators includes: a plate 
having a portion functioning as a first electrode; a 
spacer layer formed on the plate; and a grating 

50 consisting of a plurality of beams having a portion 
functioning as a second electrode, both ends of the 
beams being supported on the spacer layer. The 
diffractive optical modulator controls the diffraction 
efficiency by varying a gap between the beams 

55 and the plate by adjusting a voltage applied be- 
tween the first electrode and the second electrode. 

In still another embodiment, the plurality of 
diffractive optical modulators further include an in- 
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sulating layer formed between the plate and the 
plurality of beams. 

In still another embodiment, a region for for- 
ming a phase difference which is one half of a 
wavelength of the light is provided between adja- 
cent modulators of the plurality of diffractive optical 
modulators. 

In still another embodiment, the display device 
further includes a separation means for separating 
the light emitted from the light source into a plural- 
ity of light beams having different wavebands. The 
diffractive optical modulation unit is disposed on an 
optical path of each of the plurality of light beams. 

In still another embodiment, the diffractive op- 
tical modulation unit includes a plurality of diffrac- 
tive optical modulators two-dimensionally arranged 
as the diffractive grating means, and the plurality of 
diffractive optical modulators respectively corre- 
spond to a plurality of pixels. Each of the plurality 
of diffractive optical modulators includes: a plate 
having a portion functioning as a first electrode; a 
supporting beam formed on the plate; and a grating 
consisting of a plurality of beams having a portion 
functioning as a second electrode, both ends of the 
beams being supported on the supporting beam. A 
width of the supporting beam is smaller than a 
width of a movable portion of each of the plurality 
of beams. The diffractive optical modulator controls 
a diffraction efficiency by varying a gap between 
the beams and the plate by adjusting a voltage 
applied between the first electrode and the second 
electrode. 

Thus, the invention described herein makes 
possible the advantages of (1) providing a diffrac- 
tive optical modulator which can be produced easi- 
ly in a small size, which can be driven at a low 
voltage, and which exhibits excellent durability and 
response characteristics, and a method for produc- 
ing the same; (2) providing an infrared sensor 
including such a diffractive optical modulator and a 
method for producing the same; and (3) providing a 
display device including such a diffractive optical 
modulator. 

These and other advantages of the present 
invention will become apparent to those skilled in 
the art upon reading and understanding the follow- 
ing detailed description with reference to the ac- 
companying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a cross-sectional view showing a 
fundamental configuration of an infrared sensor ac- 
cording to a first example of the invention. 

Figure 2 is a plan view seen from above the 
seal case showing a positional relationship between 
a diffractive optical modulator and a pyroelectric 
element according to the first example of the inven- 



tion. 

Figure 3A is a cross-sectional view of the dif- 
fractive optical modulator of the first example in a 
state where no voltage is applied, while Figure 3B 
5 is a cross-sectional view of the diffractive optical 
modulator of the first example in a state where a 
voltage is applied. 

Figure 4 is a graph showing a relationship 
between the diffraction efficiency and the amount 
to of the phase shift in the diffractive optical modula- 
tor for the infrared sensor of the first example of 
the invention. 

Figure 5 is a cross-sectional view showing a 
fundamental configuration of a diffractive optical 
15 modulator for an infrared sensor according to a 
second example of the invention. 

Figure 6 is a cross-sectional view schematically 
showing a thin film deposition process in a produc- 
tion method of the second example. 
20 Figure 7A is a plan view of an infrared sensor 

according to a third example of the invention, while 
Figure 7B is a cross-sectional view taken along the 
line A-A' in Figure 7A. 

Figures 8A to 8G are cross-sectional views 
25 showing the process steps for producing the dif- 
fractive optical modulator of the third example of 
the invention. 

Figure 9A is a cross-sectional view of the dif- 
fractive optical modulator of the third example in a 
30 state where no voltage is applied, while Figure 9B 
is a cross-sectional view of the diffractive optical 
modulator of the third example in a state where a 
voltage is applied. 

Figure 10 is a cross-sectional view of a diffrac- 
35 tive optical modulator for an infrared sensor ac- 
cording to a fourth example of the invention. 

Figures 11 A to 111 are cross-sectional views 
showing the process steps for producing the dif- 
fractive optical modulator of the fourth example of 
40 the invention. 

Figure 12A is a cross-sectional view of the 
diffractive optical modulator of the fourth example 
in a state where no voltage is applied, while Figure 
12B is a cross-sectional view of the diffractive 
45 optical modulator of the fourth example in a state 
where a voltage is applied. 

Figure 13 is a cross-sectional view of a diffrac- 
tive optical modulator for an infrared sensor ac- 
cording to a fifth example of the invention, 
so Figures 14A to 14G are cross-sectional views 

showing the process steps for producing the dif- 
fractive optical modulator of the fifth example of the 
invention. 

Ftgures 15A to 15C show exemplary 
55 waveforms of the driving voltage to be applied to 
the diffractive optical modulator of the invention. 

Figure 16 is a perspective view showing a 
configuration and an arrangement for an infrared 
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sensor according to a sixth example of the inven- 
tion. 

Figure 17 is a perspective view showing a 
fundamental configuration of the devices disposed 
on the supporting plate of the infrared sensor ac- 
cording to the sixth example of the invention. 

Figure 18 is a side view showing a fundamental 
configuration of an infrared sensor according to the 
sixth example of the invention. 

Figure 19A is a plan view of the diffractive 
optical modulator according to the sixth example of 
the invention, while Figure 19B is a cross-sectional 
view taken along the line A-A' in Figure 19A. 

Figures 20A to 20F are cross-sectional views 
showing the process steps for producing the dif- 
fractive optical modulator of the sixth example of 
the invention. 

Figure 21 A is a cross-sectional view illustrating 
the operation of the diffractive optical modulator of 
the sixth example when the voltage is off, while 
Figure 21 B is a cross-sectional view illustrating the 
operation of the diffractive optical modulator of the 
sixth example when the voltage is on. 

Figure 22A is a graph showing the relationship 
between the inclination angle and the optimal thick- 
ness of a beam in the diffractive optical modulator 
of the sixth example, while Figure 22B is a graph 
showing the relationship between the inclination 
angle and the increase in the driving voltage. 

Figure 23A is a cross-sectional view showing 
the state of the charges resulting from the applica- 
tion of a voltage in the diffractive optical modulator 
of the sixth example, whose beams have the ox- 
idized lower surfaces. Figure 23B illustrates the 
behavior of the electrons in the vicinity of the 
contact portion thereof. Figure 23C illustrates the 
state of the charges in the vicinity of the contact 
portion thereof resulting from the removal of the 
applied voltage. 

Figure 24 is a graph showing the variation of 
an exemplary waveform of the voltage to be ap- 
plied for driving a diffractive optical modulator while 
forcibly removing the residual charges thereof. 

Figure 25A is a cross-sectional view illustrating 
the behavior of the charges in the diffractive optical 
modulator of the sixth example when the voltage is 
on, while Figure 25B is a cross-sectional view 
illustrating the behavior of the charges in the dif- 
fractive optical modulator of the sixth example 
when the voltage is off. 

Figure 26 is a side view showing a fundamental 
configuration of an infrared sensor according to a 
seventh example of the invention. 

Figure 27A is a plan view of the diffractive 
optical modulator according to an eighth example 
of the invention, while Figure 27B is a cross-sec- 
tional view taken along the line A-A' in Figure 27A. 



Figures 28A to 28E are cross-sectional views 
taken along the line A-A' in Figure 27A showing the 
process steps for producing the diffractive optical 
modulator of the eighth example of the invention. 
5 Figures 29A to 29E are cross-sectional views 

taken along the line B-B* in Figure 27A showing 
the process steps for producing the diffractive op- 
tical modulator of the eighth example of the inven- 
tion. 

70 Figure 30 is a side view showing a fundamental 

configuration of an infrared sensor according to a 
ninth example of the invention. 

Figure 31 is a cross-sectional view of a diffrac- 
tive optical modulator according to a tenth example 

15 of the invention. 

Figures 32A to 32F are cross-sectional views 
showing the process steps for producing the dif- 
fractive optical modulator of the tenth example of 
the invention. 

20 Figure 33A is a cross-sectional view illustrating 

the operation of the diffractive optical modulator of 
the tenth example when no voltage is applied, 
while Figure 33B is a cross-sectional view illustrat- 
ing the operation of the diffractive optical modulator 

25 of the tenth example when a voltage is applied. 

Figure 34 is a cross-sectional view of an in- 
frared sensor according to an eleventh example of 
the invention. 

Figure 35 is a cross-sectional view of an in- 

30 frared sensor according to a twelfth example of the 
invention. 

Figure 36 is a cross-sectional view of an in- 
frared sensor according to a thirteenth example of 
the invention. 

35 Figure 37 schematically shows the principle of 

the operation of a display device according to the 
invention. 

Figure 38 schematically shows the arrange- 
ment for a display device according to an example 

40 of the invention. 

Figure 39A is a perspective view of a display 
device according to another example of the inven- 
tion, while Figure 39B is a cross-sectional view 
taken along the line A-A' in Figure 39A. 

45 Figure 40A is a plan view of a display device 

according to still another example of the invention, 
while Figure 40B is a cross-sectional view taken 
along the line A-A* in Figure 40A. 

50 DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

Hereinafter, the present invention will be de- 
scribed by way of illustrative examples with refer- 
55 ence to the accompanying drawings. 
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Example 1 

Referring to Figures 1 to 4, an infrared sensor 
according to a first example of the invention will be 
described. 

The infrared sensor of this example includes a 
lens provided in an opening of a seal case, and a 
diffractive optical modulator confined in the seal 
case as well as a pyroelectric element. Such an 
arrangement makes it possible to produce a micro- 
infrared sensor. The diffractive optical modulator 
itself can be driven at a low power consumption, 
and is excellent in the durability and the response 
speed. 

As shown in Figure 1, the lens for converging 
infrared light has a corrugated grating structure 
which corresponds to the phase modulation of the 
lens. For example, the lens is a diffractive lens 8 
having an aperture of 3 mm and a focal length of 6 
mm. This lens 8 is composed of a plurality of 
concentric grating zones, and the grating period in 
the zones gradually decreases towards the outer 
circumference thereof. The cross section of the 
grating zones, having a maximum groove depth of 
3 am, for example, is in a so-called multi-level 
shape having approximately a saw-tooth shape in 
four steps, for example. The lens 8 converges the 
incoming light by utilizing the diffraction phenom- 
ena. This diffractive lens 8 is formed directly on the 
reverse side of a Si substrate on which a film 
functioning as infrared wavelength filter is depos- 
ited, and is provided on the opening of the seal 
case 5. In this construction, a spherical lens made 
of Si which is required in the conventional example 
is no longer necessary. Therefore, a smaller in- 
frared sensor can be constructed more easily and 
at a lower cost. 

This diffractive lens 8 is produced by perform- 
ing the step of a photolithography process followed 
by a reactive ion etching (RIE) process, twice with 
respect to an entire Si wafer. This method allows 
for producing as many as several hundreds to 
several thousands of lenses simultaneously per sin- 
gle wafer. In place of the Si, the substrate (or the 
wafer) may also be made of Ge, GaAs, InP, GaP, 
ZnSe or ZnS which is transparent in an infrared 
region. 

The diffractive optical modulator 9 has, for ex- 
ample, an area of 2.5 mm x 2.5 mm, and a 
thickness of 0.4 mm and is included in the seal 
case 5 as well as the pyroelectric element 2. The 
diffractive optical modulator 9 is a reflection diffrac- 
tive optical element which can vary the reflectance 
(or the zero-order diffraction efficiency) by control- 
ling the voltage to be applied to the modulator 9. In 
the coordinate systems shown in Figures 1 and 2, 
the diffractive optical modulator 9 has a disposition 
plane (x'y plane) inclined with respect to the dis- 



position plane (xy plane) of the lens 8 by an angle 
6 t of 45 degrees, for example. As a result, as 
shown in Figure 1, the optical axis of the con- 
verged infrared light 7 having a wavelength X of 10 
5 urn is folded by the diffractive optical modulator 9 
by 90 degrees, for example, so that the zero-order 
diffracted light 11 is incident onto the pyroelectric 
element 2 disposed on the left of the modulator 9. 
The zero-order diffracted light 11 is directed in the 
10 same direction as the direction of the light reflected 
by an ordinary mirror disposed at the position of 
the modulator 9. This optical system with a folded 
optical path has an advantage of reducing the 
height of the seal case 5. 
15 When a voltage is applied to this diffractive 

optical modulator 9, the zero-order diffracted light 
11 disappears and first-order diffracted light 10a 
and minus first-order diffracted light 10b are gen- 
erated as indicated by the broken lines in Figure 2 
20 so that the ratio of each of the two lights 10a and 
10b to the entire light is 0.41. These two diffracted 
lights 10a and 10b are then converged outside of 
the pyroelectric element 2. Consequently, the in- 
frared light is not incident on the pyroelectric ele- 
25 ment 2. Therefore, by turning on/off the voltage 
applied to the diffractive optical modulator 9, the 
amount of the infrared light incident on the 
pyroelectric element 2 can be varied, and therefore 
the diffractive optical modulator 9 can operate in 
30 the same way as a conventional chopper. 

As shown in Figure 2 and Figures 3A and 3B, 
this diffractive optical modulator 9 includes a Si 
substrate 14 and a grating 12 consisting of a plural- 
ity of beams 12i, 12 2 12 N which can move 

35 vertically. The grating 12 is formed by an SiN layer 
16 or the like, and has a length of 2 mm, a 
thickness L of 3.5 urn, and a period A of 100 urn. 

An Si02 layer 13 is provided as a spacer layer 
between the grating 12 and the substrate 14. Both 
40 ends of each beam of the grating 12 are supported 
by this spacer layer. The distance S between the 
grating 12 and the substrate 14 is 3.5 urn, for 
example. This distance can be adjusted by varying 
the thickness of the spacer layer. 
45 Reflection films 15a and 15b made of Au are 

provided on the surface of the grating 12 and on 
the surface of the substrate 14. The reflection film 
15a is insulated with the substrate 14 by the spac- 
er layer (Si02 layer) 13. 
50 In this example, an entire plate-type Si sub- 

strate 14 functions as a first electrode. The reflec- 
tion film 15a functions as a second electrode. By 
applying a voltage between the substrate 14 and 
the reflection film 15a, an electrostatic force is 
55 generated therebetween, and the supported por- 
tions of the grating 12 in the vicinity of both ends 
thereof are deflected, so that the grating 12 comes 
into contact with the substrate 14 as shown in 
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Figure 3B. The length of the grating 12 is set to be 
larger than the aperture of the beam (indicated by 
the broken lines in Figure 2), e.g., 1.8 mm, when 
the converged infrared light 7 is reflected by the 
diffractive optical modulator 9, so that the light is 
well modulated. However, if the length is set to be 
too large, then unnecessary infrared light incident 
on the regions other than the detection region is 
possibly diffracted in the peripheral region of the 
grating 12 which is not to be used, and then 
incident onto the pyroelectric element 2. Thus, in 
this example, the length of the grating 12 is set to 
be larger than the aperture of the reflected beam 
by about 5 to 20%. 

The present inventors have found that the op- 
timal thickness of the grating 12 and the optimal 
height of the space (movable distance) depends 
upon the inclination angle 0, of the diffractive op- 
tical modulator 9; that the thickness L of the SiN 
layer 16 is X/(4cosO t ), e.g., 3.5 urn, where X is a 
wavelength of the incoming light; and that the 
height S of the space between the grating 12 and 
the substrate 14 is also X/(4cos0 t ). ©-9-. 3-5 um. 
When no voltage is applied, the phase shift be- 
tween the light reflected in the T direction by the 
reflection layer 15a on the surface of the grating 12 
and the light reflected by the reflection layer 15b 
on the surface of the substrate 14, becomes 2n. 
Since the phases are exactly matched, the diffrac- 
tive optical modulator 9 functions merely as a mir- 
ror, and the diffraction efficiency of the zero-order 
diffracted light becomes approximately 100% ex- 
cept for the reflection loss, so that only the zero- 
order diffracted (or reflected) light 11 is generated. 
On the other hand, when a voltage is applied, the 
phase shift between the light reflected by the re- 
flection layer 15a on the surface of the grating 12 
and the light reflected by the reflection layer 15b 
on the surface of the substrate 14, respectively, 
becomes In this case, since the phases are 
entirely opposite to each other, the zero-order dif- 
fraction efficiency becomes 0%, and the ± first- 
order diffracted lights 10a and 10b are generated 
at the diffraction efficiency of 41%, respectively. 
However, even if the height S and the thickness L 
are varied more or less, the diffractive optical 
modulator 9 can still function as a chopper. In the 
prior art as disclosed by O. Solgaard, F.S.A. San- 
dejas and D.M. Bloom in "Deformable Grating Op- 
tical Modulator," Optics Letters, Vol. 17, No. 9, May 
1, 1992, collimated visible light (having a 
wavelength x of 0.6328 um, for example) is in- 
cident vertically onto the device (or the diffractive 
optical modulator), so that it is difficult to separate 
the incoming light from the reflected zero-order 
diffracted light. In addition, the grating period A 
may be 2, 3 or 4 um, but the grating width be- 
comes a half of the grating period, i.e., 1, 1.5 or 2 



um. Since the grating width is too small, it is 
difficult to fabricate the grating. Furthermore, since 
the grating thickness or the height of the space is 
very small, e.g., about 0.2 um, the error is likely to 

5 occur in the thickness of the deposited film during 
the production process. Accordingly, it is difficult to 
produce a diffractive optical modulator with ex- 
cellent properties in a high production yield. 

On the other hand, the infrared sensor accord- 

io ing to the present invention uses an infrared ray 
having a central wavelength of 10 um as the in- 
coming light, so that the width of the grating to be 
produced becomes very large, e.g., about 50 um. 
Accordingly, the patterning process can be easily 

75 performed for the grating. In addition, both the 
optimal grating thickness and the optimal height of 
the space become very large, e.g., about 3.5 um, 
the thickness of the thin film to be deposited can 
be controlled very satisfactorily. Moreover, the 

20 grains or the fine unevenness generally caused in a 
thin film give adverse effects when visible light is 
incident, e.g., the scattering of the light. However, 
the infrared sensor of the invention is not affected 
in any of the above ways. 

25 In this example, the direction of the grating 

vector (or y direction), which is vertical to the 
longitudinal direction (or x* direction) of the diffrac- 
tive optical modulator 9 and is on the surface 
where the grating is provided, is vertical to the 

30 optical axis (or -z direction) of the infrared light 7 
converged by the lens 8, and the disposition plane 
(x'y plane) of the diffractive optical modulator 9 is 
inclined with respect to the disposition plane (xy 
plane) of the lens 8. The present inventors have 

35 found that by using such a configuration, the in- 
coming converged infrared light 7 can be satisfac- 
torily separated from the output zero-order diffract- 
ed light 11, and that the zero-order diffraction effi- 
ciency when no voltage is applied is approximately 

40 100%. 

In the infrared sensor of the invention, not the 
collimated light but the converged light is incident 
onto the diffractive optical modulator 9. The 
present inventors have found that the zero-order 

45 diffraction efficiency becomes approximately 100% 
in the central beams of the grating 12 in the y 
direction, e.g., when the numbers of the beams are 
ten, beams 12+, 12& and 12&, when no voltage is 
applied, but that the zero-order diffraction efficien- 

50 cy gradually decreases in the peripheral beams of 
the grating 12 in the y* direction, e.g., beams 12i, 
12 2 , 12 9 and 12i 0 , because the incident angle of 
the light is inclined. Because of the same reasons, 
when a voltage is applied, the zero-order diffraction 

55 efficiency increases from 0% in the peripheral 
beams, and therefore the width of the varying light 
amount reduces as a whole. However, as discov- 
ered by the present inventors, if the period A of the 
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grating 12 is 7 times or more of the wavelength of 
the infrared light, i.e., AA £ 7, then the variation of 
the diffraction efficiency is small even in the light 
obliquely incoming, and the incoming converged 
light causes no problem in the infrared sensor of 
the invention. In addition , in the case where A/X £ 
7, the line width of the grating to be produced is as 
large as 35 urn or more, the grating can be pro- 
duced easily. 

In this example, the diffractive optical modula- 
tor is produced by using a Si substrate. Alter- 
natively, a substrate obtained by forming a conduc- 
tive layer on an insulating substrate such as a 
glass substrate may also be used. Any substrate 
can be used so long as the substrate is a plate 
shaped element for supporting the grating and has 
a portion for functioning as a first electrode for 
generating an electrostatic force between the grat- 
ing and the substrate. More preferably, a semicon- 
ductor substrate is used, because fine patterning 
processes such as a photolithography technique 
and an etching technique which have been devel- 
oped in the field of producing a semiconductor 
device are used during the process for producing 
the grating. This is true of all the following exam- 
ples. 

Example 2 

Referring to Figure 5 and Figures 6, an infrared 
sensor according to a second example of the in- 
vention will be described. 

The infrared sensor of this second example is 
different from the infrared sensor of the first exam- 
ple only in the configuration of the diffractive op- 
tical modulator. Therefore, the configuration of the 
diffractive optical modulator will be described be- 
low. 

In the diffractive optical modulator 9' to be 
used in this example, as shown in Figure 5, the 
thickness L of the grating 12" is varied in the 
respective positions. That is to say, the thickness L 
becomes smallest on the optical axis of the incom- 
ing infrared light 7 (the thickness U is X/(4cos0 t ), 
for example), and the thickness gradually increases 
towards the periphery of the grating 12' (Li > L 2 > 
l_3>U<L5<U<L7). The same relationship is 
applied to the height S of the space between the 
grating 12* and the substrate 14. More specifically, 
the vertically movable distance of the grating 12' is 
also smallest on the optical axis of the incoming 
infrared light 7 (the height S* is X/(4cos0,), for 
example), and the thickness gradually increases 
towards the periphery of the grating 12' (Sr > S2 > 
S 3 > S 4 < Ss < Se < S 7 ). In Figure 5, a diffractive 
optical modulator has seven beams in the grating 
12'. However, the number of the beams included in 
the grating 12' is not limited thereto. 



The present inventors have found when the 
expression L = \/(4cos<9-cos0 t ) is satisfied, where 
L is the thickness of the grating 12* and Q is the 
incident angle of the infrared light 7 being incident 
5 on the portion of the grating 12\ and when the 
expression S = \/(4cosa«cos0t) is satisfied, where 
S is the height of the space, the decrease in the 
zero-order diffraction efficiency when no voltage is 
applied and the increase in the zero-order diffrac- 
10 tion efficiency when a voltage is applied can be 
prevented and the modulation efficiency can be 
large in the peripheral portions onto which the 
oblique light is incoming. Accordingly, even if A/X < 
7 and the period of the grating is small, the modu- 
75 lation efficiency of the zero-order diffracted light 11 
can be large. If either the thickness L or the height 
S has an optimum distribution, the modulation effi- 
ciency is improved. 

The diffractive optical modulator shown in Fig- 
20 ure 5 is produced in the following manner. 

First, an Si0 2 thin film 13 is deposited on a Si 
substrate 14 as a first thin film for defining the 
distance between the grating 12 and the Si sub- 
strate 14. Next, an SiN thin film 16 is deposited as 
25 a second thin film to be a grating 12. When the 
first thin film is being deposited, an elongated 
shield 18 extending in the x' direction is moved in 
the y direction between the source 17 for deposit- 
ing the thin film and the substrate 14 as shown in 
30 Figure 6. By controlling the speed of the shield 18 
in the y direction, the deposition amount of the thin 
film is also controlled. As a result, the thickness of 
the Si02 thin film 13 can be controlled. If the speed 
of the moving shield 18 is set to be low around the 
35 center while high in the periphery, the Si02 thin 
film 13 whose thickness is distributed as shown in 
Figure 6 can be obtained. If a similar process is 
performed during the deposition of the second thin 
film, the thickness of the SiN thin film 16 can be 
40 distributed in the same way as the thickness of the 
SiCb thin film 13 as shown in Figure 6. 

Thereafter, by performing the photolithography 
process and the etching process, the grating as 
shown in Figure 5 can be formed. 
45 On the other hand, by using a shield 18 having 

a plurality of elongated portions extending in the x* 
direction, an array of diffractive optical modulators 
9' can be produced easily. 

so Example 3 

Referring to Figures 7A and 7B, an infrared 
sensor according to a third example of the inven- 
tion will be described. The infrared sensor of this 
55 third example is different from the infrared sensor 
of the first example only in the configuration of the 
diffractive optical modulator. Therefore, the configu- 
ration of the diffractive optical modulator will be 
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described below. 

The diffractive optical modulator of this exam- 
ple is designed so as to modulate the infrared light 
having an incident angle $ x of 45 degrees and a 
wavelength X of 10.6 urn. Needless to say, a 
diffractive optical modulator having a different con- 
figuration can also be used. 

In Figures 7A and 7B, the diffractive optical 
modulator includes: a substrate 21, e.g., a silicon 
substrate in this example; an insulating layer 22; a 
spacer layer 23 made of a positive type photoresist 
having a thickness X/(4cos0 t ) °f 3.75 urn, in this 
example; a conductive thin film 24 obtained by 
depositing aluminum or the like so as to be 3.75 
urn thick; and a reflection film 25 obtained by 
depositing Au. 

Hereinafter, referring to Figures 8A to 8G, a 
method for producing a diffractive optical modula- 
tor of this example will be described. 

In these figures, the reference numeral 26 de- 
notes a mask for patterning the conductive thin film 
24; 27a to 27d denote beams; 28a to 28e denote 
openings; 29a to 29d denote upper reflection films; 
and 30a to 30e denote lower reflection films. The 
grating consists of the upper reflection films 29a to 
29d and the beams 27a to 27d. 

First, as shown in Figure 8A, a silicon substrate 
21 is thermally oxidized at 1050'C for an hour, 
thereby forming an insulating layer 22 formed by 
the thermally oxidized film having a thickness of 
0.1 urn on the silicon substrate 21. 

Next, as shown in Figure 8B, a photoresist is 
applied onto the insulating layer 22 by a spin- 
coating method, thereby forming a spacer layer 23. 
The photoresist is baked at 160'C for 20 minutes 
after the photoresist has been applied. In this ex- 
ample, by adjusting the rotation number of the 
spinner and the viscosity and the temperature of 
the photoresist, the thickness of the spacer layer 

23 after the baking is set to be 3.75 urn. 

Then, as shown in Figure 8C, an aluminum film 
having a thickness of 3.75 urn is deposited on the 
spacer layer 23 by a vapor deposition method or a 
sputtering method so as to form a conductive thin 
film 24. 

Next, as shown in Figure 8D, a photoresist is 
applied onto the conductive thin film 24, and then 
exposed and developed so as to form a mask 26. 

Subsequently, as shown in Figure 8E, alumi- 
num forming the conductive thin film 24 is removed 
by a wet etching (hereinafter referred to as a W/E) 
using an etching solution composed of phosphoric 
acid, acetic acid and nitric acid, thereby forming 
the openings 28a to 28e in the conductive thin film 

24 and a plurality of beams 27a to 27d made of a 
conductive material. In this example, in order to 
control the incoming light having a diameter of 1.8 
mm, the length (measured along the direction verti- 



cal to the paper sheet) of the beams 27a to 27d is 
set to be 2 mm. 

Then, as shown in Figure 8F, the mask 26 and 
the spacer layer 23 are removed by an isotropic 
5 dry etching (hereinafter, referred to as a D/E). The 
portions of the spacer layer 23 which are located 
under the beams 27a to 27d are also isotropicly 
etched, so that the spacer layer 23 remains only in 
the peripheral portions of the substrate 21 as 

10 shown in Figure 8F, and supports both ends of the 
beams 27a to 27d. 

Finally, as shown in Figure 8G, Au is deposited 
on the upper surface of the substrate 21, thereby 
forming a reflection film 25 having a thickness of 

75 0.15 M-m. The reflection film 25 includes the upper 
reflection films 29a to 29d formed on the beams 
27a to 27d and the lower reflection films 30a to 
30e which are formed on the upper surface of the 
insulating film 22 so as to be exposed through the 

20 openings 28a to 28e. 

In the case of forming a grating in which the 
length of a beam is considerably longer than the 
width of the beam, if the spacer layer 23 is re- 
moved by the W/E. then the surface tension of the 

25 liquid caused during the rinsing and the drying 
processes unexpectedly sticks the beams onto the 
substrate side. However, according to the produc- 
tion method of this example, since the spacer layer 
23 is selectively removed by the D/E, the problem 

30 of the sticking can be totally eliminated, and the 
production yield can be considerably improved. 

The length of a beam is varied how far the 
spacer layer 23 is etched in the lateral direction 
from the openings 28a to 28e (or in the vertical 

35 direction in Figure 7A). In the diffractive optical 
modulator of the invention, unless the length of 
each of the beams 27a to 27d is set to be con- 
stant, the restoration rate of the respective beams 
are varied when the modulator is driven and the 

40 diffraction of the light becomes ununiform for some 
time. If the spacer layer 23 is removed by the W/E, 
then the amounts of the etchant flowing under the 
respective beams 27a to 27d and the time required 
for removing the etchant at the time of rinsing are 

45 slightly different among the respective beams 27a 
to 27d, so that the resulting lengths of the beams 
27a to 27d are varied in the diffractive optical 
modulator. However, in the case of removing the 
spacer layer 23 by the D/E, the lengths of the 

so beams 27a to 27d become almost the same. 

Next, referring to Figures 9A and 9B, the op- 
eration of the diffractive optical modulator of this 
example will be described. 

In Figures 9A and 9B, the reference numeral 

55 31 denotes incoming light; 32 denotes the zero- 
order diffracted light; 33a to 33d denote the air 
layers formed by the beams 27a to 27d suspended 
in the air by the isotropic etching of the spacer 
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layer 23; 34 denotes an upper electrode consisting 
of the conductive thin film 24 and the reflection film 
25; and 35a and 35b denote ± first-order diffracted 
lights. Figure 9A shows the state where no voltage 
is applied between the upper electrode 34 and the 
substrate 21. The difference in the height between 
the upper reflection films 29a to 29d and the lower 
reflection films 30a to 30e is 7.5 urn, for example. 

In the state where a positive voltage is applied 
between the conductive thin film 24 and the sub- 
strate 21, the beams 27a to 27d and the lower 
electrode, i.e., the substrate 21, form a capacitor 
which consists of the air layers 33a to 33d and the 
insulating layer 22. As a result, the beams 27a to 
27d serving as the upper electrode are charged 
with positive charges, while the substrate 21 is 
charged with negative charges. Since an electro- 
static attracting force is caused between these 
charges, the beams 27a to 27d are pulled toward 
the insulating layer 22 until the beams 27a to 27d 
come into contact with the insulating layer 22, as 
shown in Figure 9B. In this stage, the difference in 
the height between the surfaces of the upper re- 
flection films 29a to 29d and those of the lower 
reflection films 30a to 30e is 3.75 urn, for example. 

As is apparent from the foregoing description, 
since the diffractive optical modulator of this third 
example operates in a similar manner to the dif- 
fractive optical modulator of the first example, the 
diffractive optical modulator of the third example 
also allows for modulating incoming light having a 
wavelength of 10.6 urn, for example, by turning 
on/off the voltage to be applied between the con- 
ductive thin film 24 and the substrate 21. 

In the diffractive optical modulator of the third 
example, the distance between the conductive thin 
film 24 functioning as the upper electrode and the 
substrate 21 functioning as the lower electrode is 
smaller than that in the diffractive optical modulator 
of the first example, so that a stronger electrostatic 
force is caused between them. Therefore, the 
modulator of this example can be advantageously 
driven at a lower voltage. 

As described above, according to the method 
of this example, the spacer layer is formed by an 
organic film and is removed by the D/E, so that the 
beams are not sticked onto the substrate during 
the rinsing and drying processes, and the spacer 
layer can be removed uniformly with satisfactory 
reproducibility. Consequently, a plurality of beams 
having the same length are formed, and the vari- 
ation of the operation can be eliminated. In addi- 
tion, as compared with the diffractive optical 
modulator of the first example, the gap between 
the upper and the lower electrodes becomes small- 
er in the diffractive optical modulator of the third 
example, so that the modulator of the third exam- 
ple can be driven at a lower voltage. 



Example 4 

Referring to Figure 10, an infrared sensor ac- 
cording to a fourth example of the invention will be 

5 described. The infrared sensor of this fourth exam- 
ple is different from the infrared sensor of the first 
example only in the configuration of the diffractive 
optical modulator. Therefore, the configuration of 
the diffractive optical modulator will be described 

w below. 

In Figure 10, the diffractive optical modulator 
includes: a substrate 36, e.g., a silicon substrate in 
this example; an insulating layer 37; a spacer layer 
38 made of a photoresist having a thickness of 
75 3.75 urn, in this example; a conductive thin film 39, 
functioning as both the upper electrode and the 
upper reflection film, obtained by depositing alu- 
minum or the like so as to be 3.75 urn thick, in this 
example; and lower reflection films 40a to 40e 
20 made of the same material as that of the conduc- 
tive thin film 39 or the material having substantially 
the same reflectance as that of the conductive thin 
film 39, e.g., aluminum in this example. 

Hereinafter, referring to Figures 11A to 111, a 
25 method for producing a diffractive optical modula- 
tor of this example will be described. In Figures 
11A to 111, the reference numeral 41 denotes a 
reflection film and 42a to 42e denote masks. 

First, as shown in Figure 11 A, a silicon sub- 
30 strate 36 is thermally oxidized at 1050°C for an 
hour, thereby forming an insulating layer 37 con- 
stituted by the thermally oxidized film having a 
thickness of 0.1 urn on the silicon substrate 36. 
Next, as shown in Figure 11B, aluminum is 
35 deposited on the insulating layer 37 by a vapor 
deposition method so as to be 0.15 um thick, 
thereby forming a reflection film 41. A photoresist 
is applied onto the reflection film 41 by a spin- 
coating method, and then exposed and developed, 
40 thereby forming the masks 42a to 42e. 

Subsequently, as shown in Figure 11C, alu- 
minum forming the reflection film 41 is removed by 
a W/E using an etching solution composed of 
phosphoric acid, acetic acid and nitric acid, for 
45 example. 

Then, as shown in Figure 11D, the masks 42a 
to 42e are removed, thereby forming the lower 
reflection films 40a to 40e. 

Next, as shown in Figure 11E, a photoresist is 
so applied by a spin-coating method, and then baked, 
thereby forming a spacer layer 38. In this example, 
by adjusting the rotation number of the spinner and 
the viscosity and the temperature of the photores- 
ist, the thickness of the spacer layer 38 after the 
55 baking is set to be 3.75 um, for example, and the 
surface of the spacer layer 38 is made flat. 

Then, as shown in Figure 11F, an aluminum 
film having a thickness of 3.9 um, for example, is 
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deposited on the spacer layer 38 by a vapor depo- 
sition method, thereby forming the conductive thin 
film 39. Since the thickness of the lower reflection 
films 40a to 40e is 0.15 urn, for example, the 
thickness of the conductive thin film 39 is also set 
to be larger than 3.75 um, for example, by 0.15 
um, i.e., 3.9 um. 

Thereafter, as shown in Figure 11G, a 
photoresist is applied onto the conductive thin film 
39, and then exposed and developed, thereby for- 
ming the mask 43. 

Subsequently, as shown in Figure 11H, alu- 
minum forming the conductive thin film 39 is re- 
moved by a W/E using an etching solution com- 
posed of phosphoric acid, acetic acid and nitric 
acid, for example, thereby forming the beams 44a 
to 44d and the openings 45a to 45e. 

Finally, as shown in Figure 111, the mask 43 is 
removed by the D/E, and at the same time, the 
portions of the spacer layer 38 under the beams 
44a to 44d are also isotropicly etched. 

By performing the above process steps, the 
diffractive optical modulator having a configuration 
shown in Figure 10 is completed. 

Hereinafter, the operation of the diffractive op- 
tical modulator having the above-described con- 
figuration will be described with reference to Fig- 
ures 12A and 12B. In Figures 12A and 12B, the 
same components as those shown in Figure 10 are 
denoted by the same reference numerals and the 
description thereof will be omitted herein. In Fig- 
ures 12A and 12B, the reference numeral 46 de- 
notes incoming light; 47 denotes the zero-order 
diffracted light; 48a to 48d denote the air layers 
formed by the beams 44a to 44d suspended in the 
air by the isotropic etching of the spacer layer 38; 
and 49a and 49b denote ± first-order diffracted 
lights. Figure 12A shows the state where no volt- 
age is applied between the conductive thin film 39 
and the substrate 36. The difference in the height 
between the surfaces of the beams 44a to 44d and 
those of the lower reflection films 40a to 40e is 7.5 
um, for example. 

In the state where a positive voltage is applied 
between the conductive thin film 39 and the sub- 
strate 36, the beams 44a to 44d and the lower 
electrode, i.e., the substrate 36, form a capacitor so 
as to interpose the air layers 48a to 48d and the 
insulating layer 37. As a result, the beams 44a to 
44d serving as the upper electrode are charged 
with positive charges while the substrate 36 is 
charged with negative charges. Since an electro- 
static attracting force is caused between these 
charges, the beams 44a to 44d are pulled toward 
the insulating layer 37 until the beams 44a to 44d 
come into contact with the insulating layer 37, as 
shown in Figure 12B. In this stage, the difference in 
the height between the surfaces of the beams 44a 



to 44d and those of the lower reflection films 40a 
to 40e is 3.75 um, for example. 

As is apparent from the foregoing description, 
since the diffractive optical modulator of this fourth 

s example operates in a similar manner to the dif- 
fractive optical modulator of the first example, the 
diffractive optical modulator of the fourth example 
also allows for modulating incoming light having a 
wavelength of 10.6 um, for example, by turning 

io on/off the voltage to be applied between the con- 
ductive thin film 39 and the substrate 36. 

In this example, since the lower reflection films 
are formed beforehand, the beams can function as 
the upper reflection film and an ultimate reflection 

75 film need not be deposited. Accordingly, especially 
in the case where a thick reflection film is required, 
an inadequate operation caused by the contact 
between the lower reflection films and the reflection 
film attached to the sides of the beams can be 

20 completely eliminated. 

The conductive thin film is made of aluminum 
in this example. Needless to say, the conductive 
thin film may be made of other materials. In this 
example, the aluminum film is deposited by a 

25 vapor deposition method. However, the aluminum 
film may be deposited by a sputtering method or a 
plating method. The spacer layer is made of a 
photoresist. Alternatively, the spacer layer may be 
made of an organic material such as polyimide. 

30 

Example 5 

Referring to Figure 13, an infrared sensor ac- 
cording to a fifth example of the invention will be 

35 described. 

In Figure 13, the diffractive optical modulator of 
the fifth example includes: a substrate 50, e.g., a 
silicon substrate in this example; an insulating layer 
51 which consists of a thermally oxidized film hav- 

40 ing a thickness of 0.1 um, for example, obtained 
by thermally oxidizing the substrate 50, and a 
nitride film having a thickness of 0.5 um, for exam- 
ple, obtained by a low-pressure chemical vapor 
deposition (LPCVD) method; a spacer layer 52 

45 having a thickness of 3.75 um, for example, ob- 
tained by depositing a silicon oxide film by the 
LPCVD method; a dielectric layer 53 having a 
thickness of 3.75 um, for example, to be obtained 
by depositing a nitride film by the LPCVD method, 

so the dielectric layer 53 being patterned so as to 
form the beams 54a to 54d supported at both ends 
thereof and having a reduced residual tensile 
stress, e.g., about 200 MPa, by using a silicon-rich 
composition for the nitride film; the beams 54a to 

55 54d, both ends of which are supported by the 
spacer layer 52, suspended in the air; openings 
55a to 55e; and a reflection film 56 obtained by 
depositing an Au thin film having a thickness of 

1?* 
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0.15 um, for example, by a vapor deposition meth- 
od. As shown in Figure 13, the reflection film 56 
forms not only the upper reflection films 57a to 57d 
on the surfaces of the beams 54a to 54d t but also 
the lower reflection films 58a to 58e on the sur- 
faces of the insulating layer 51 through the open- 
ings 55a to 55e. A grating is formed by these 
upper reflection films 57a to 57d and the beams 
54a to 54d. 

Hereinafter, referring to Figures 14A to 14G, a 
method for producing a diffractive optical modula- 
tor of this example will be described. 

First, as shown in Figure 14A, a silicon sub- 
strate 50 is thermally oxidized at 1050*C for an 
hour, for example, thereby forming a thermally 
oxidized film having a thickness of 0.1 urn. There- 
after, a silicon nitride film having a thickness of 0.5 
urn, for example, is deposited thereon by the 
LPCVD, thereby forming an insulating layer 51. 

Next, as shown in Figure 14B, a spacer layer 
52 formed by a silicon oxide film is deposited on 
the insulating layer 51 by the LPCVD. 

Then, as shown in Figure 14C, a silicon-rich 
silicon nitride film is deposited on the spacer layer 

52 by the LPCVD, thereby forming the dielectric 
layer 53. 

Subsequently, as shown in Figure 14D, a 
photoresist 59 is applied onto the dielectric layer 

53 by a spin-coating method, and then exposed 
and developed, thereby forming a mask in a pre- 
determined shape. 

Next, as shown in Figure 14E, the dielectric 
layer 53 is patterned by the D/E, thereby forming 
the beams 54a to 54d. 

Then, as shown in Figure 14F, the photoresist 
59 is removed, and the spacer layer 52 is removed 
by the W/E using buffered hydrofluoric acid so as 
to remove the spacer layer 52 under the beams 
54a to 54d and form the beams whose both ends 
are supported. 

Finally, as shown in Figure 14G, a reflection 
film 56 made of Au having a thickness of 0.15 um, 
for example, is deposited by a sputtering method, 
thereby forming the upper reflection films 57a to 
57d and the lower reflection films 58a to 58e. By 
performing the above process steps, the diffractive 
optical modulator having the configuration shown in 
Figure 13 is completed. 

Since the diffractive optical modulator having 
the above configuration operates in a similar man- 
ner to the diffractive optical modulators of the third 
or the fourth example, the diffractive optical 
modulator of the fifth example also allows for mod- 
ulating incoming light having a wavelength of 10.6 
um, for example, by turning on/off the voltage to 
be applied between the reflection film 56 function- 
ing as the upper electrode and the substrate 50 
functioning as the lower electrode, as shown in 



Figure 13. 

In the diffractive optical modulator of this ex- 
ample, since a nitride film is used as the material 
for the beams, a residual tensile stress (of, for 
5 example, 200 MPa) is caused. As a result, the 
driving voltage becomes considerably higher as 
compared with that of the diffractive optical 
modulator of the third or the fourth example. How- 
ever, a beam having a length much larger than the 
70 thickness thereof can be advantageously formed. 
Therefore, incoming light having a large diameter 
can be modulated. In the diffractive optical modula- 
tor of the first example having no insulating layer 
51, when a reflection film is being deposited, the 
75 reflection film unexpectedly reaches the sides of 
the beams, so that the upper reflection films be- 
come electrically conductive with the substrate 
when the modulator is driven. As a result, an elec- 
tric current is generated therebetween, thereby pre- 
20 venting the modulator from operating adequately, 
and the production yield is disadvantageously re- 
duced. However, in the diffractive optical modulator 
of this fifth example, an insulating layer 51 is pro- 
vided between the lower reflection films 58a to 58e 
25 and the substrate 50. Accordingly, when the reflec- 
tion film 56 is being deposited, even if the reflec- 
tion film 56 reaches the sides of the beams 54a to 
54d, and the upper reflection films 57a to 57d 
become electrically conductive with the lower re- 
30 flection films 58a to 58e, an electrical conduction 
between the upper reflection films 57a to 57d and 
the substrate 50 can be totally eliminated, because 
the lower reflection films 58a to 58e are electrically 
insulated with the substrate 50. Consequently, it is 
35 possible to provide a diffractive optical modulator 
operating appropriately, and improve the produc- 
tion yield. 

As described above, in the diffractive optical 
modulator of the first example, when the reflection 

40 film is being deposited, the reflection film reaches 
the sides of the substrate, and when the modulator 
is driven, the upper reflection films come into con- 
tact with the lower reflection films, so that a short- 
circuit is generated, and the modulator tends to 

45 operate inadequately. However, in the diffractive 
optical modulator of this fifth example, since the 
insulating layer is provided between the lower re- 
flection films and the substrate, the modulator can 
operate stably. 

so Next, referring to Figures 9A and 9B and Fig- 

ures 15A to 15C, a method for applying a voltage 
to the diffractive optical modulator of the invention 
will be described. 

Figure 15A shows the waveform of the voltage 

55 to be applied to the diffractive optical modulator by 
a voltage application device. The driving voltage 
having such a waveform corresponds to the case 
where the modulation of the light is generated at a 
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period of 20 msec (corresponding to a frequency of 
50 Hz), for example, as described in the third or 
the fourth example. 

The driving voltage shown in Figure 15A has a 
waveform in which the polarity in the region AB is 
opposite to the polarity in the region CD, but the 
levels in these two regions AB and CD are the 
same. The region A shown in Figure 15A cor- 
responds to the state shown in Figure 9B where a 
voltage of +15 V, for example, is applied between 
the upper electrode 34 and the substrate 21. In this 
case, as described in the third, fourth or fifth exam- 
ple, the upper electrode 34 is charged with positive 
charges, while the substrate 21 is charged with 
negative charges. As a result, the beams 27a to 
27d are deflected, and sticked onto the insulating 
layer 22, as shown in Figure 9B. The next region B 
shown in Figure 15A corresponds to the state 
where no voltage is applied and almost all the 
charges are removed. However, the present in- 
ventors have found that some of the charges re- 
main as the residual charges. Since the restoration 
force of the beams 27a to 27d is stronger than the 
sticking force of the residual charges, the beams 
27a to 27d are restored to the initial positions 
thereof, and suspended in the air as shown in 
Figure 9A. In order to operate the beams 27a to 
27d by the application of a voltage having the 
same polarity next time, a voltage higher than the 
previous voltage is required to be applied because 
of the effects of the residual charges. Otherwise, 
the beams 27a to 27d are not sticked onto the 
insulating layer 22. Therefore, in the next region C, 
by applying a voltage having an opposite polarity 
to that of the voltage applied in the region A, e.g., 
a voltage of -15 V, the residual charges remaining 
in the respective electrodes are forcibly removed, 
and at the same time, the charges having an op- 
posite polarity are charged. As a result, the beams 
27a to 27d are sticked onto the insulating layer 22 
again. The region D as well as the region B cor- 
responds to the state where no voltage is applied, 
and some of the charges also remain as the resid- 
ual charges in the region D. 

As described above, in the diffractive optical 
modulator of this example, the residual charges 
caused when the driving voltage is applied can be 
removed by alternately applying voltages having 
opposite polarities. In a conventional diffractive op- 
tical modulator, since the residual charges increase 
as a modulator is driven more times, the necessary 
driving voltage is required to be higher to remove 
the increasing residual charges. However, in this 
example, such a problem can be solved. 

The same operation can be obtained if the 
application of a voltage is begun by a voltage 
having an opposite polarity to that of the voltage 
shown in Fgure 15A. 



Figure 15B shows a waveform of another driv- 
ing voltage. 

The region A shown in Figure 15B corresponds 
to the state shown in Figure 9B where a voltage of 

5 +50 V, for example, is applied between the upper 
electrode 34 and the substrate 21. In this case, the 
upper electrode 34 is charged with positive 
charges, while the substrate 21 is charged with 
negative charges. As a result, the beams 27a to 

10 27d are deflected, and sticked onto the insulating 
layer 22, as shown in Figure 9B. The next regions 
B and C shown in Figure 15B correspond to the 
state shown in Figure 9A. In the region B, in order 
to promote the removal of the residual charges, a 

15 voltage having an opposite polarity, e.g., a voltage 
of -50 V, is applied during an initial short period. 

Figure 15C shows a waveform of still another 
driving voltage. The voltage waveform shown in 
Figure 15C is different from the voltage waveform 

20 shown in Figure 15B in that a voltage not having an 
opposite polarity but lower than the voltage in the 
region A is applied during an initial short period in 
the region B. By applying a voltage having such a 
waveform, it is possible to promote the removal of 

25 the charges and to restore the beams at a high 
speed. 

Example 6 

30 Hereinafter, referring to Figure 16, an infrared 

sensor according to a sixth example of the inven- 
tion will be described. The infrared sensor of this 
example is designed so as to detect infrared light 
having a wavelength of 10 urn, for example. 

35 The infrared sensor of this example includes: a 

lens provided in the opening of a seaJ case; and a 
diffractive optical modulator included in the seal 
case as well as a pyroelectric element. The size of 
the infrared sensor of this example is reduced as 

40 compared with a conventional infrared sensor using 
a chopper. In addition, the diffractive optical 
modulator itself can be driven at a low power 
consumption, and is excellent in the durability and 
the response speed. 

45 First, the configuration of the infrared sensor of 

this example will be described. 

In Figure 16, the reference numeral 61 denotes 
a seal case. A part of the seal case 61 is omitted 
herein for the purpose of the illustration of the 

50 inside thereof. A lens 62 is a diffractive lens having 
an aperture of 3 mm and a focal length of 6 mm, 
for example, which is formed on a substrate made 
of a material having transparency in the infrared 
region, e.g., silicon. A diffractive optical modulator 

55 63 modulates infrared light having a wavelength of 
10 urn, for example. A spacer 64 has an inclination 
angle of 6 X . Though not shown in Figure 16, on the 
reverse side of a supporting plate 65, electronic 
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parts such as a pyroelectric element and a signal 
amplifier are disposed. Electrode pins are denoted 
by 66a to 66d, however, the electrode pin 66d is 
not shown in Figure 16, because the electrode pin 
66d is disposed in an invisible position in Figure 
16. The electrode pins 66a to 66d are used for 
grounding, an application of a voltage to the diffrac- 
tive optical modulator 63, and a supply of power or 
an output of a signal to a pyroelectric element and 
other electronic parts not shown in Figure 16. 

Figure 17 is a perspective view showing the 
supporting plate 65 seen from the bottom side in 
Figure 16. In Figure 17, the same components as 
those in Figure 16 are denoted by the same refer- 
ence numerals, and the description thereof will be 
omitted herein. In Figure 17, a pyroelectric element 
is denoted by 67, and a signal amplifier for am- 
plifying the signal output from the pyroelectric ele- 
ment 67 is denoted by 68. 

Figure 18 is a side view showing a fundamental 
configuration of the infrared sensor of this example. 
The pyroelectric element 67 is disposed in the 
vicinity of the end of the supporting plate 65, 
whereby the inclination angle 0 t is set to be as 
small as possible. As will be described in detail 
later, the smaller the inclination angle 0 t is, the 
lower the driving voltage becomes. In this case, if 
the focal length of the lens 62 is 10 mm, for 
example, then the inclination angle fl t becomes 17 
degrees. As a result, the increase in the driving 
voltage is suppressed to about 10% as compared 
with the case where the inclination angle 6 X is zero. 
In addition, the infrared sensor of this example has 
a simple configuration. That is to say f the pyroelec- 
tric element 67 and the signal amplifier 68 are 
disposed on the supporting plate 65, and the sup- 
porting plate 65 is supported by at least one of the 
electrode pins 66a to 66d. Accordingly, it is not 
particularly necessary to provide complicated lines 
and the sealing can be performed easily. 

Figure 19A is a plan view showing a diffractive 
optical modulator of this example, while Figure 19B 
is a cross-sectional view taken along the line A-A* 
in Figure 19A. In Figures 19A and 19B, the diffrac- 
tive optical modulator includes: a substrate 69, e.g., 
a silicon substrate; an insulating layer 70 formed 
by an oxide film having a thickness of 0.1 um 
obtained by thermally oxidizing the silicon sub- 
strate 69; a spacer layer 71 obtained by applying 
polyimide by a spin-coating method and baking the 
applied polyimide; and beams 72. The present 
inventors have found that both the optimal thick- 
ness of the spacer layer and that of the beams for 
maximizing the degree of the modulation are X/- 
(4cos0 t ), where X is the wavelength of the light to 
be detected. As can be understood from this ex- 
pression, the larger the inclination angle 6 X be- 
comes, the larger the optimal thickness of the 



spacer layer and the beams of the diffractive op- 
tical modulator becomes. For example, if x is 10 
urn and d t is 25 degrees, then the thickness of the 
respective layers is 2.8 urn. And if 0, is 45 de- 

5 grees, then the thickness is 3.5 nm. The diffractive 
optical modulator further includes: a reflection film 
73 obtained by depositing Au or the like by a vapor 
deposition method so as to be 0.1 urn thick; a non 
oxidized conductive thin film 74 made of a material 

io which is not likely to be oxidized by oxygen in the 
atmosphere or the oxygen plasma, to be obtained 
by depositing Au or Pt; and an elastic body 75 
obtained by depositing Al for example. As shown in 
Figure 18, the beams 72 consist of the non-ox- 

75 idized conductive thin film 74 and the elastic body 
75. 

Hereinafter, referring to Figures 20A to 20F, a 
method for producing a diffractive optical modula- 
tor of this example will be described. 

20 First, as shown in Figure 20A, a silicon sub- 

strate 69 is thermally oxidized at 1050*C for an 
hour, for example, thereby forming an insulating 
layer 70 made of the thermally oxidized film having 
a thickness of 0.1 urn on the silicon substrate 69. 

25 Thereafter, polyimide is applied onto the insulating 
layer 70 by a spin-coating method, thereby forming 
a spacer layer 71. The applied polyimide is baked 
at 200 'C for 20 minutes. In this example, by 
adjusting the rotation number of the spinner and 

30 the viscosity and the temperature of polyimide, the 
thickness of the spacer layer 71 after the baking is 
set to be 2.8 urn, for example. 

Next, as shown in Figure 20B, Au (thickness: 
0.1 um) is deposited on the spacer layer 71 by a 

35 vapor deposition method so as to form a non- 
oxidized conductive thin film 74, and then an Al 
film having a thickness of 2.7 um is deposited 
thereon by a vapor deposition method so as to 
form an elastic body 75. 

40 Then, as shown in Figure 20C, a positive type 

photoresist is applied onto the elastic body 75, and 
then exposed and developed so as to form a mask 
76. Thereafter, the elastic body 75 is removed by 
the W/E using an etching solution composed of 

45 phosphoric acid, acetic acid and nitric acid. 

Subsequently, as shown in Figure 20D, the 
non-oxidized conductive thin film 74 is etched by 
the D/E. Thereafter, as shown in Figure 20E, the 
mask 76 is removed by the D/E, and at the same 
so time, the spacer layer 71 is isotropicly etched so 
that the portions under the beams 72 are also 
etched. 

Finally, as shown in Figure 20F, Au (thickness: 
0.1 um) is deposited so as to form the reflection 
55 film 73. As a result, the diffractive optical modulator 
having a configuration shown in Figure 19 is com- 
pleted. 
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The operation of the diffractive optical modula- 
tor having the above configuration will be described 
with reference to Figures 21 A and 21 B. In Figures 
21 A and 21 B, the reference numeral 77 denotes 
incoming light; 78 denotes reflected zero-order dif- 
fracted light; 79 denotes an air layer formed by the 
beams 72 suspended in the air by the isotropic 
etching of the spacer layer 71; 80 denotes an 
upper reflection film, i.e., the reflection film 73 
formed on the beams 72; 81 denotes a lower 
reflection film, i.e., the reflection film 73 formed on 
the insulating layer 70; and 82a and 82b denote ± 
first-order diffracted lights. 

Figure 21 A shows the state where no voltage is 
applied between the non-oxidized conductive thin 
film 74 and the substrate 69. The difference in the 
height between the upper reflection film 80 and the 
lower reflection film 81 is X/(2cos0 t ), as shown in 
Figure 21 A. For example, if X is 10 urn and 6 t is 25 
degrees, then the difference is 5.5 urn. In this 
case, the phase of the light reflected by the upper 
reflection film 80 is matched with the phase of the 
light reflected by the lower reflection film 81. As a 
result, the diffractive optical modulator functions 
merely as a mirror, and the incoming light 77 
becomes the zero-order diffracted light 78. 

On the other hand, for example, in the state 
where a positive voltage is applied between the 
non-oxidized conductive thin film 74 and the sub- 
strate 69, the non-oxidized conductive thin film 74 
and the substrate 69 form a capacitor so as to 
interpose the air layer 79 and the insulating layer 
70. As a result, the non-oxidized conductive thin 
film 74 functioning as the upper electrode is 
charged with positive charges, while the substrate 
69 functioning as the lower electrode is charged 
with negative charges. Since an electrostatic at- 
tracting force is caused between these charges, the 
beams 72 are pulled toward the insulating layer 70 
until the beams 72 come into contact with the 
insulating layer 70, as shown in Figure 21 B. In this 
stage, the difference in the height between the 
surface of the upper reflection film 80 and that of 
the lower reflection film 81 is 2.8 urn, for example. 
In this case, the phase of the light reflected by the 
upper reflection film 80 is different from the phase 
of the light reflected by the lower reflection film 81 
by one half of the wavelength (tt). As a result, 
these two lights cancel each other, so that the 
zero-order diffracted light disappears and a higher- 
order diffracted light other than the zero-order dif- 
fracted light is to be diffracted instead. For exam- 
ple, ± first-order diffracted lights 82a and 82b are 
generated at the diffraction efficiency of 41%. The 
light can be modulated by turning on/off the volt- 
age applied between the non-oxidized conductive 
thin film 74 and the substrate 69. 



As described above, in the diffractive optical 
modulator of this example, the spacer layer is 
formed by an organic film and is removed by the 
D/E, so that the beams are not sticked onto the 

5 substrate during the rinsing and drying processes, 
unlike a conventional modulator. In addition, the 
spacer layer can be removed uniformly, a plurality 
of beams having the same length are formed, and 
the variation of the operation can be eliminated. 

io Moreover, the material for forming the beams is 
deposited by a vapor deposition or the like, the 
residual stress can be controlled easily at a deposi- 
tion temperature. Furthermore, the residual stress 
can be suppressed to a small level, a diffractive 

75 optical modulator operating at a low voltage can be 
produced. In addition, at least the lower surfaces of 
the beams are made of a conductive material and a 
thin oxide film is provided between the lower sur- 
faces of the beams and the substrate, so that the 

20 distance between the upper and the lower elec- 
trodes can be considerably reduced and the 
modulator can be driven at a low voltage. 

Next, a preferable disposition of the respective 
components of the infrared sensor of this example 

25 for driving the diffractive optical modulator at a low 
voltage will be described. As described above, the 
optimal thickness of the beams and the spacer 
layer of the diffractive optical modulator is varied in 
accordance with the inclination angle 0 X . Figure 

30 22A is a graph showing the relationship between 
the inclination angle and the optimal thickness of 
the beams and the spacer layer in the diffractive 
optical modulator of the infrared sensor of this 
example. Figure 22B shows the increase in the 

35 driving voltage in accordance with the inclination 
angle. In Figure 22B, the driving voltage when the 
inclination angle is 0 degree is standardized as 
one. As shown in Figure 22B, if the inclination 
angle e t is set to be 45 degrees or less, the 

40 increase in the driving voltage can be suppressed 
to be twice or less. Also, the present inventors 
have found if the inclination angle e x of the diffrac- 
tive optical modulator is set to be 25 degrees or 
less, the separation between the incoming light and 

45 the zero-order diffracted light and a low-voltage 
driving (the increase in the voltage is suppressed 
to be 20% or less) can be accomplished simulta- 
neously. More specifically, the diffractive optical 
modulator, including the beams having a length of 

so 3 mm and showing the residual stress suppressed 
to be a tensile stress of +10 MPa or less, can be 
driven at a low voltage of 5 V or less. 

Next, referring to Figures 23A to 23C, the 
effects obtained by providing a non-oxidized layer 

55 on the lower surfaces of the beams in the diffrac- 
tive optical modulator of this example will be de- 
scribed. 
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First, the case where the lower surfaces of the 
beams are not made of a conductive material 
which is not likely to be oxidized will be described. 
For example, the lower surfaces of the beams are 
naturally oxidized by oxygen in the atmosphere or 
the lower surfaces are also oxidized when the 
spacer layer is removed by the D/E using oxygen 
plasma or the like, so that an oxide film is formed. 
In the diffractive optical modulator shown in Figures 
23A to 23C, the lower surfaces of the beams are 
not made of a material which is not likely to be 
oxidized, unlike the diffractive optical modulator of 
this example. However, the remaining components 
of the diffractive optical modulator shown in Fig- 
ures 23A to 23C are the same as those of the 
diffractive optical modulator of this example. 

Figure 23A is a cross-sectional view of the 
diffractive optical modulator in the longitudinal di- 
rection of the beams. Figure 23B is an enlarged 
view of a region in the vicinity of the contact 
portion, i.e., the region A shown in Figure 23A. 
Figure 23C is also an enlarged view of the region 
A when the voltage is turned off. In these figures, 
the reference numeral 83 denotes an oxide film 
which is formed from the beams 72 oxidized by 
oxygen in the atmosphere or oxygen plasma when 
ashing is performed; 84 denotes the conductive 
portions of the beams 72 which are not oxidized; 
85 denotes electrons existing inside or on the sur- 
face of the insulating layer 70; and 86 denotes 
holes (or positive charges) formed by the move- 
ment of the electrons 85. 

Figure 23A shows the state where a voltage V 
(> 0) is applied between the upper and the lower 
electrodes. The conductive portion 84 is charged 
with positive charges and the substrate 69 is 
charged with negative charges. In Figure 23B, the 
electric field is generated by the application of a 
voltage, so that a part of the electrons existing 
inside or on the surface of the insulating layer 70 
move to the surface or the inside of the oxide film 
83, thereby forming the holes 84. Figure 23C 
shows the state resulting from the state shown in 
Figure 23B by the removal of the applied voltage. 
In this state, since no voltage is externally applied, 
the electrons 85 which have moved to the oxide 
film 83 do not move to the insulating film 70, but 
remain in the oxide film 83, thereby generating a 
residual potential difference V rcs . Accordingly, in 
order to operate the beams next time, it is neces- 
sary to apply a voltage higher than the previously 
applied voltage V by the residual potential dif- 
ference Vre*. Therefore, the more times the beams 
are driven, the higher the driving voltage becomes. 
Ultimately, the densities of the electrons 85 and the 
holes 86 increase, and the electrostatic force be- 
tween them also increases, so that the beams 72 
remain sticked onto the insulating layer 70, and can 



not be restored any longer. 

In order to prevent the increase in the driving 
voltage and the sticking of the beams, it is possible 
to drive the beams while forcibly moving the resid- 
5 ual charges by the application of a voltage having a 
waveform shown in Figure 24. In such a voltage 
application method, the beams are driven while 
removing the residual charges by alternately apply- 
ing voltages having opposite polarities in the re- 
70 gions A and C, thereby preventing the increase of 
the absolute value of V res . However, according to 
this voltage application method, a voltage source 
for supplying a voltage having a twice higher ab- 
solute value is required during an actual produc- 
es tion. Unless the charges are removed, the number 
of the remaining positive or negative charges be- 
comes large; the beams remain sticked and can no 
longer be restored. 

Next, the effects obtained in the diffractive op- 
20 tical modulator of this example where the lower 
surfaces of the beams are made of a material 
which is not likely to be oxidized by oxygen in the 
atmosphere or the oxygen plasma will be de- 
scribed. 

25 Figures 25A and 25B illustrate the movement 

of the charges in the contact portion in the diffrac- 
tive optical modulator of this example. Figure 25A 
is an enlarged view showing the state of the con- 
tact portion when a voltage V (> 0) is applied 

30 between the substrate 69 and the non-oxidized 
conductive thin film 74. In this state, the non- 
oxidized conductive thin film 74 is charged with 
positive charges, and the substrate 69 is charged 
with negative charges. In this stage, the electric 

35 field is generated by the application of a voltage, 
so that a part of the electrons existing inside or on 
the surface of the insulating layer 70 move to the 
non-oxidized conductive thin film 74, thereby for- 
ming the holes 26. However, the electrons 85 

40 which have moved to the non-oxidized conductive 
thin film 74 are bonded with the previously charged 
positive charges so as to disappear. Figure 25B 
shows the state resulting from the state shown in 
Figure 25A by the removal of the applied voltage. 

45 The positive charges still remain in the insulating 
layer 70. However, since the negative charges do 
not remain, the electric field is not generated and 
the residual potential difference is not generated, 
either. Accordingly, there is no need for increasing 

so the driving voltage if the beams are driven many 
times, and there is no need for forcibly removing 
the residual charges by the application of voltages 
having opposite polarities. As a result, a low-volt- 
age driving is substantially accomplished and the 

55 driving can be performed stably. 

As is apparent from the foregoing description, 
in the infrared sensor of this example, by setting 
the inclination angle 0, in the diffractive optical 
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modulator to be 45 degrees or less, the increase in 
the driving voltage can be suppressed to twice or 
less as compared with the case where the light is 
incoming vertically, i.e., the inclination angle 6 t is 0 
degrees. Furthermore, if the inclination angle 6 t is 5 
set to be 25 degrees or less, the length of a beam 
is set to be 3 mm, and the residual stress is 
controlled to be a tensile stress of +10 MPa or 
less, then a low-voltage driving at 5 V or less 
becomes possible, a circuit for increasing the volt- io 
age becomes unnecessary and the infrared sensor 
can be produced at a lower cost. In addition, since 
the pyroelectric element and the signal amplifier 
are provided on the supporting plate and the sup- 
porting plate is supported by the electrode pins, 75 
the infrared sensor can be constructed easily. 
Moreover, in the diffractive optical modulator for 
the infrared sensor of this example, the lower sur- 
faces of the beams are made of a conductive 
material which is not likely to be oxidized, so that 20 
the modulator can be driven by applying a positive 
or negative pulse voltage thereto. As a result, the 
fine control of the waveform of the applied voltage 
is no longer necessary and the modulator can be 
driven stably. 25 

In this example, a diffractive optical modulator 
in which the length of the beam is 3 mm is de- 
scribed. Alternatively, by setting the length of the 
beam to be longer, the modulator may be driven at 
an even lower voltage with a still larger inclination 30 
angle 0,. However, if the beam becomes too long, 
then the modulator can not operate at a high speed 
owing to the effects of the inertial force, and in 
addition, the beam is likely to be distorted, thereby 
degrading the modulation efficiency. 35 

In the diffractive optical modulator of this ex- 
ample, the beam consists of an elastic body and a 
non-oxidized conductive thin film. Alternatively, the 
elastic body may be made of the same material as 
that of the non-oxidized conductive thin film. That 40 
is to say, the entire beam may be formed by the 
non-oxidized conductive thin film. Needless to say, 
the reflection film may also be made of the same 
material. In this example, Au is employed as the 
material which is not likely to be oxidized. Alter- 45 
natively, Pt, Ti, a NiCr alloy, a CuNi alloy, chrome 
steel, or other conductive organic materials can 
also be used. The elastic body of this example is 
made of Al. However, the elastic body can be 
made of an insulating material such as an organic 50 
material. 

In a process for producing the diffractive op- 
tical modulator of this example, after the elastic 
body is patterned, the non-oxidized conductive thin 
film is patterned by the D/E. Needless to say, the 55 
non-oxidized conductive thin film may be removed 
by the W/E. Alternatively, the beams may be 
shaped in the following manner. After the non- 



oxidized conductive thin film is deposited, the thin 
film is patterned once. Thereafter, the elastic body 
layer is deposited, and then the elastic body layer 
is patterned again. 

In this example, the deposition is performed 
mainly by a vapor deposition method. Alternatively, 
the deposition can be performed by other methods 
such as a sputtering method or a plating method. 

Example 7 

Hereinafter, an infrared sensor according to a 
seventh example will be described with reference 
to Figure 26. The infrared sensor of this seventh 
example is different from the infrared sensor of the 
sixth example only in the positions of the respec- 
tive components. Thus, the respective positions 
thereof will be described below. 

Figure 26 is a cross-sectional view showing a 
fundamental configuration of the infrared sensor of 
this example. The inclination angle 0 t ' n the diffrac- 
tive optical modulator is 25 degrees, as described 
in the sixth example. In Figure 26, the same com- 
ponents as those shown in Figure 18 are denoted 
by the same reference numerals, and the descrip- 
tions thereof will be omitted herein. In Figure 26, 
the reference numeral 87 denotes a supporting 
spacer. The lens 26 is a diffractive lens having an 
aperture of 3 mm and a focal length of 6 mm, for 
example, and the spacer 64 has an inclination 
angle 6 X of 25 degrees. The inclination angle a of 
the supporting spacer 87 is set to be 40 degrees 
so that the infrared light is vertically incident onto 
the pyroelectric element 67. In this example, since 
the inclination angle 0 t of the spacer 64 is set to be 
25 degrees, if the length of a beam is set to be 3 
mm, driving can be performed at 0 V and +5 V, 
for example. 

The infrared sensor of this example is provided 
with a supporting spacer 87, thereby vertically re- 
ceiving the infrared light diffracted by the diffractive 
optical modulator. As a result, the detection can be 
conducted at a higher sensitivity. In addition, since 
the incoming light can be easily separated from the 
zero-order diffracted light diffracted by the diffrac- 
tive optical modulator, an infrared sensor in a 
smaller size than the infrared sensor of the sixth 
example can be produced by using a lens having a 
shorter focal length. 

Example 8 

Hereinafter, a diffractive optical modulator ac- 
cording to an eighth example of the invention will 
be described with reference to Figures 27A and 
27B. Figure 27A is a plan view showing a diffrac- 
tive optical modulator of the eighth example, and 
Figure 27B is a cross-sectional view taken along 
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the line A-A' in Figure 27A. As shown in Figures 
27A and 27B, the diffractive optica! modulator of 
this example includes: a substrate 88, e.g., a silicon 
substrate; an insulating layer 89 formed by an 
oxide film having a thickness of 0.1 urn to be 
obtained by thermally oxidizing the silicon sub- 
strate 88 or the like; a spacer layer 90 obtained by 
applying a photosensitive polyimide film by a spin- 
coating method, patterning the film by exposing 
and developing the film, and then baking the film; 
and the beams 91. In this example, the thickness of 
the spacer layer 90 and that of the beams 91 are 
set to be approximately X/(4cos0,). For example, if 
X is 10 urn and e x is 25 degrees, then the optimal 
thickness is 2.8 um. The diffractive optical modula- 
tor of this example further includes: a reflection film 
92 obtained by depositing Au (thickness: 0.1 um) 
or the like by a vapor deposition method; a non- 
oxidized conductive thin film 93 made of a material 
which is not likely to be oxidized by oxygen in the 
atmosphere or oxygen plasma, to be obtained by 
depositing Au, R or the like by a vapor deposition 
method; and an elastic body 94 obtained by de- 
positing AI or the like by a vapor deposition meth- 
od. As shown in Figure 27B, the beam 91 consists 
of the non-oxidized conductive thin film 93 and the 
elastic body 94. 

Hereinafter, referring to Figures 28A to 28E 
and Figures 29A to 29E, a method for producing a 
diffractive optical modulator of this example will be 
described. Figures 28A to 28E are cross-sectional 
views taken along the line A-A' in Figure 27A. 
Figures 29A to 29E are cross-sectional views taken 
along the line B-B f in Figure 27A. 

First, as shown in Figures 28A and 29A, a 
silicon substrate 88 is thermally oxidized at 
1050 # C for an hour, for example, thereby forming 
an insulating layer 89 constituted by the thermally 
oxidized film having a thickness of 0.1 um, for 
example, on the silicon substrate 88. 

Next, as shown in Figures 28B and 29B, a 
photosensitive polyimide film is applied on the in- 
sulating layer 89 by a spin-coating method. After 
the film is exposed and developed so as to form a 
pattern, the film is baked at 200 *C for 20 minutes, 
for example. In this case, the thickness of the 
spacer layer 90 after the baking is set to be 2.8 
um, for example, by adjusting the rotation number 
of the spinner or the viscosity and the temperature 
of polyimide. 

Subsequently, as shown in Figures 28C and 
29C, Au or the like having a thickness of 0.1 um, 
for example, is deposited on the spacer layer 90, 
thereby forming the non-oxidized conductive thin 
film 93, and then an AI film or the like having a 
thickness of 2.7 um, for example, is further depos- 
ited thereon by a vapor deposition, thereby forming 
the elastic body 94. In this case, by setting the gap 



(indicated by 5 in Figure 27B) of the polyimide 
pattern to be less than twice of the sum of the 
thickness of the non-oxidized conductive thin film 
93 and that of the elastic body 94, it is possible to 
5 fill the gap of the polyimide pattern as shown in 
Figure 28C. In this example, 5 is set to be 3 um. 

Then, as shown in Figures 28D and 29D, a 
positive type photoresist is applied onto the elastic 
body 94, and exposed and developed so as to 
w form a mask 102. Thereafter, AI forming the elastic 
body 94 is removed by a W/E using an etching 
solution composed of phosphoric acid, acetic acid 
and nitric acid, for example. The non-oxidized con- 
ductive thin film 93 is then etched by the D/E. 
/5 Next, as shown in Figures 28E and 29E, the 

mask 95 is removed by the D/E using the oxygen 
plasma or the like, and at the same time, the 
spacer layer 90 including the portions under the 
beams 91 is isotropicly etched. Since some por- 
20 tions of the spacer layer 90 are not in contact with 
oxygen plasma, the portions are not removed but 
remain. Finally, Au or the like having a thickness of 
0.1 um is deposited by a vapor deposition method, 
thereby forming the reflection film 92. By perform- 
25 ing the above steps, a diffractive optical modulator 
having a configuration as shown in Figures 27A 
and 27B is completed. 

The diffractive optical modulator having such a 
configuration operates in a similar manner to the 
30 diffractive optical modulator of the sixth example. 
Therefore, by turning on/off the voltage applied 
between the substrate 88 and the non-oxidized 
conductive thin film 93, the incoming light can be 
modulated. 

35 In the diffractive optical modulator of the sixth 

example, the length of a beam is determined by 
the time required for removing the spacer layer. On 
the other hand, in the diffractive optical modulator 
of this example, since the length of a beam is 

40 determined by the pattern of the spacer layer, a 
diffractive optical modulator including the beams of 
the same length can be produced with satisfactory 
reproducibility. Since the length of the beam af- 
fects the driving voltage of a diffractive optical 

45 modulator, the method for producing a diffractive 
optical modulator of this example eliminates the 
variation of the driving voltage from the diffractive 
optical modulator. 



Hereinafter, an infrared sensor according to a 
ninth example of the invention will be described 
with reference to Figure 30. 
55 The infrared sensor of this ninth example can 

be suitably used in the case where the signal/noise 
(S/N) ratio is desired to be large in detecting the 
infrared light, and in the case where an infrared 
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sensor of an extremely small size is produced. 
Generally, in the case where the S/N ratio is set to 
be large in detecting the infrared fight, by turning 
on/off the voltage applied to the diffractive optical 
modulator, an electromagnetic noise adversely af- 
fecting the pyroelectric element and the signal am- 
plifier is generated, so that the noise becomes 
large. On the other hand, in the case of producing 
a small-sized infrared sensor, the size of the dif- 
fractive optical modulator included therein also be- 
comes small. As a result, since the length of a 
beam becomes short, the modulator can not op- 
erate unless a relatively high voltage is applied 
thereto. If such a high voltage is applied, a large 
electromagnetic noise is also generated, so that the 
pyroelectric element and the signal amplifier exper- 
ience strong noise interference. 

Figure 30 is a side view showing a fundamental 
configuration of the infrared sensor of this example. 
In Figure 30, the same components as those 
shown in Figure 18 will be denoted by the same 
reference numerals, and the description will be 
omitted herein. In Figure 30, an electromagnetic 
shield 96 is grounded by lines (not shown), and is 
made of a conductive material transmitting the in- 
frared light. Since an antireflection film is provided 
on the surface of the electromagnetic shield 96, the 
zero-order diffracted light diffracted by the diffrac- 
tive optical modulator is transmitted through the 
electromagnetic shield 96 with substantially no 
loss. On the other hand, the electromagnetic noise 
generated when the diffractive optical modulator is 
driven is shielded by the electromagnetic shield 96, 
and therefore, the noise no longer adversely affects 
the pyroelectric element 67 and the signal amplifier 
68. 

As is apparent from the foregoing description, 
in the infrared sensor of this example, a shield is 
provided between the diffractive optical modulator 
and a device such as a pyroelectric element or a 
signal amplifier, and is grounded, whereby the ef- 
fects of the electromagnetic noise generated from 
the diffractive optical modulator can be shielded. 

Example 10 

Hereinafter, an infrared sensor according to a 
tenth example of the invention will be described 
with reference to Figure 31. The infrared sensor of 
this tenth example is different from the infrared 
sensor of the sixth example only in the configura- 
tion of the diffractive optical modulator. The diffrac- 
tive optical modulator of this example is construct- 
ed so that an electromagnetic noise is not gen- 
erated at least toward the portion in which the 
pyroelectric element and the signal amplifier are 
disposed. Therefore, the electromagnetic shield as 
described in the ninth example is not required to 



be provided. 

The diffractive optical modulator of this exam- 
ple will be described below. As shown in Figure 31, 
the diffractive optical modulator of this example 

5 includes: a substrate 97, e.g., a silicon substrate, 
whose both surfaces are mirror-polished; an an- 
tireflection film 98 made of an insulating material, 
e.g., a ZnS film having a thickness of 1.1 urn; a 
reflection film 99 obtained by depositing Au (thick- 

70 ness: 0.1 um) or the like and patterning it; and a 
spacer layer 100 obtained by applying a polyimide 
film or the like by a spin-coating method, and 
baking the film. In this example, the optimal thick- 
ness of the spacer layer 100 is approximately X/- 

15 (4cose t ). For example, if X is 10 um and B x is 25 
degrees, then the optimal thickness is 2.8 um. The 
diffractive optical modulator of this example further 
includes: a non-oxidized conductive reflection film 
101 made of a conductive material which is not 

20 likely to be oxidized by oxygen in the atmosphere 
or oxygen plasma and has substantially the same 
reflectance as that of the reflection film 99, to be 
obtained by depositing Au (thickness: 0.1 um) or 
the like by a vapor deposition method; and an 

25 elastic body 102 obtained by depositing Al (thick- 
ness: 1 um) or the like by a vapor deposition 
method. 

Referring to Figures 32A to 32F, a method for 
producing a diffractive optical modulator of this 

30 example wilt be described. In these figures, the 
reference numerals 103 and 104 denote masks; 
and 105 denotes a beam consisting of the non- 
oxidized conductive reflection film 101 and the 
elastic body 102. In these figures, the same com- 

35 ponents as those in Figure 31 will be denoted by 
the same reference numerals and the description 
thereof will be omitted herein. 

First, as shown in Figure 32A, ZnS films having 
a thickness X/(4n) (n is the refractive index of ZnS 

40 = 2.3) of 1.1 um are deposited on both of the 
mirror-polished surfaces of the silicon substrate 97 
by a sputtering method or the like, thereby forming 
the antireflection film 38. 

Next, as shown in Figure 32B, Au (thickness: 

45 0.1 um) or the like is deposited by a vapor deposi- 
tion method; a positive photoresist or the like is 
applied thereon by a spin-coating method and ex- 
posed and developed so as to form the mask 103; 
and then the deposited Au is removed by tne W/E 

50 using an etching solution composed of iodine, po- 
tassium iodide and the like, thereby forming the 
reflection film 99. 

Then, as shown in Figures 32C, the mask 103 
is removed and a polyimide film or the like is 

55 applied thereon by a spin-coating method so as to 
form the spacer layer 100. After the polyimide film 
is applied, the film is baked at 200 "C for 20 
minutes, for example. In this case, the thickness of 
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the spacer layer 100 after the baking is set to be 
x/(4cos0 t ) and the unevenness of the reflection film 
is smoothed, by adjusting the rotation number of 
the spinner or the viscosity and the temperature of 
polyimide. 

Subsequently, as shown in Figure 32D, Au 
(thickness: 0.1 urn) or the like is deposited on the 
spacer layer 100 by a vapor deposition method or 
the like so as to form the non-oxidized conductive 
reflection film 101, and an Al film or the like having 
a thickness of 1 urn, for example, is deposited 
thereon by a vapor deposition method or the like 
so as to form the elastic body 102. Thereafter, a 
positive type photoresist or the like is applied 
thereon, and then exposed and developed so as to 
form the mask 104. 

Next, as shown in Figure 32E, Al forming the 
elastic body 102 is removed by the W/E using an 
etching solution composed of phosphoric acid, ace- 
tic acid and nitric acid, for example, and the non- 
oxidized conductive reflection film 101 is etched by 
the D/E using chlorine or the like. 

Finally, as shown in Figure 32F, the mask 104 
is removed by the D/E using oxygen plasma or the 
like, and at the same time, the spacer layer 100 
including the portions under the beams 105 is 
isotropicly etched. By performing the above-de- 
scribed steps, the diffractive optical modulator hav- 
ing a configuration shown in Figure 30 is com- 
pleted. 

Referring to Figures 33A and 33B, the opera- 
tion of the diffractive optical modulator of this ex- 
ample will be described. In these figures, the refer- 
ence numeral 106 denotes incoming light; 107a 
and 107b denote ± first-order diffracted lights; 108 
denotes an air layer formed by the beams 52 
suspended in the air by the isotropic etching of the 
spacer layer 100; and 49 denotes reflected light. 
Figure 33A shows the state where no voltage is 
applied between the non-oxidized conductive re- 
flection film 101 and the substrate 97. The dif- 
ference in the height between the reflection film 99 
and the non-oxidized conductive reflection film 101 
is X/(4cos0 t ) as shown in Figure 33A. For example, 
if X is 10 urn and 0 t is 25 degrees, then the 
difference is 2.8 urn. The incoming light 106 
passes through the upper antiref lection film 98, the 
silicon substrate 97, and then the lower antireflec- 
tion film 98, so as to be incident onto the grating 
portion consisting of the reflection film 99 and the 
non-oxidized conductive reflection film 101. In this 
case, since the phase of the light reflected by the 
reflection film 99 is different from the phase of the 
light reflected by the non-oxidized conductive re- 
flection film 101 by one half of the wavelength 
these two light cancel each other and a diffracted 
light on a higher order is diffracted. For example, 
the ± first-order diffracted lights 107a and 107b are 



generated at a diffraction efficiency of 41%, re- 
spectively. 

Figure 33B shows the state where a positive 
voltage is applied between the non-oxidized con- 
5 ductive reflection film 101 and the substrate 97, for 
example. The substrate 97 is grounded. In this 
case, the non-oxidized conductive reflection film 
101 and the substrate 97 form a capacitor so as to 
interpose the air layer 108 and the antireflection 
to film 98. The non-oxidized conductive reflection film 
101 functioning as the lower electrode is charged 
with positive charges, while the substrate 97 func- 
tioning as the upper electrode is charged with 
negative charges. Since an electrostatic attracting 
75 force is caused between these charges, the beams 
105 are pulled towards the antireflection film 98 
until the beams 105 come into contact with the film 
98, as shown in Figure 33B. In this case, the 
surface of the reflection film 99 and the surface of 
20 the non-oxidized conductive reflection film 101 are 
on the same plane, so that the diffractive optical 
modulator functions as a mirror, and all the incom- 
ing light 106 becomes the reflected light 109. 

As is apparent from the foregoing description, 
25 by turning on/off the voltage applied between the 
non-oxidized conductive reflection film 101 and the 
substrate 97, the light can be modulated. 

In the diffractive optical modulator for the in- 
frared sensor of this example, the substrate 97 is 
30 grounded, a voltage is applied to the non-oxidized 
conductive reflection film 101 and the incoming 
light is directed through the grounded substrate 97 
to the reflection film. Therefore, in detecting very 
weak infrared light, or in driving the diffractive 
35 optical modulator by applying a relatively high volt- 
age, an electromagnetic noise is not generated on 
the light-modulation side because the substrate 97 
itself functions as the electromagnetic shield. 

In the diffractive optical modulator of this ex- 
40 ample, the antireflection film functions as the in- 
sulating layer and the film has a large thickness, 
e.g., a ZnS film having a thickness of 1.1 urn. Thus 
the voltage required for driving the modulator 
seems to be high. However, since the actual rela- 
45 tive dielectric constant of ZnS is 8 or more, the 
effective length, i.e., an eighth of the thickness, is 
0.14 urn (= 1.1 urn + 8). Accordingly, the driving 
voltage does not become too high. In addition, 
since the thickness of a beam 105 is not particu- 
50 larly limited by the wavelength X or the inclination 
angle d u the diffractive optical modulator of this 
example can be driven at a lower voltage as com- 
pared with the diffractive optical modulator of the 
first or the third example, by setting the thickness 
55 of the beam to be smaller. More specifically, if the 
wavelength X is 10 um, the inclination angle 6 t is 
25 degrees and the thickness of the beam is set to 
be 2 um or less, then the modulator of this exam- 
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pie can be driven at 0, 5 V. 
Example 1 1 

Hereinafter, an infrared sensor according to an 
eleventh example of the invention will be described 
with reference to Figure 34. The infrared sensor of 
this eleventh example is different from the infrared 
sensors of the foregoing examples in that the lens 
for converging the infrared light on the pyroelectric 
element is disposed between the pyroelectric ele- 
ment and the diffractive optical modulator. In the 
foregoing examples, the lens for converging the 
infrared light is disposed so as to cover the open- 
ing of the seal case. 

As shown in Figure 34, the infrared sensor of 
this example includes: a diffractive optical modula- 
tor 209 for diffracting at least a part of the incoming 
infrared light 206 as the zero-order diffracted light 
211; a diffractive lens 208; and a pyroelectric ele- 
ment 202. The diffractive lens 208 converges the 
infrared light diffracted by the diffractive optical 
modulator 209 onto the pyroelectric element 202. A 
diffractive optical modulator of any of the foregoing 
examples can be used as the diffractive optical 
modulator 209. 

In this example, the diffractive optical modula- 
tor 209, the pyroelectric element 202 and the lens 
208 are included in the seal case 205 having an 
opening. That is to say, the opening of the seal 
case 205 is not covered. The diffractive lens 208 is 
a lens obtained by forming a diffraction grating on 
a substrate functioning as an incoming infrared 
wavelength filter 204. In this example, the diffrac- 
tive lens 208 itself operates as a part of seal case 
205. 

In this example, since approximately collimated 
light is incident onto the diffractive optical modula- 
tor 209, the modulation efficiency is improved. In 
addition, the noise generated by the operation of 
the diffractive optical modulator 209 is not likely to 
affect the pyroelectric element 202. 

Example 12 

Hereinafter, an infrared sensor according to a 
twelfth example of the invention will be described 
with reference to Figure 35. The infrared sensor of 
this twelfth example is different from the infrared 
sensors of the foregoing Examples 1 to 10 in that 
the lens for converging the infrared light on the 
pyroelectric element is disposed between the 
pyroelectric element and the diffractive optical 
modulator. In Examples 1 to 10, the lens for con- 
verging the infrared light is disposed so as to cover 
the opening of the seal case. 

The infrared sensor of this twelfth example is 
different from the infrared sensor of the eleventh 



example shown in Figure 34 in that the opening of 
the seal case 205 is covered with the incoming 
infrared wavelength filter 204. A lens 208' of this 
example is not a diffractive lens, but a polished 

5 lens made of silicon, or a polyethylene lens. In this 
example, only the light transmitted through the 
incoming infrared wavelength filter 204 is incident 
onto the diffractive optical modulator 209. Since the 
diffractive optical modulator 209 is disposed within 

70 a sealed environment, the resistivity of the diffrac- 
tive optical modulator 209 against the environment 
is improved. 

Example 13 

15 

Hereinafter, an infrared sensor according to a 
thirteenth example of the invention will be de- 
scribed with reference to Figure 36. The infrared 
sensor of this thirteenth example is different from 

20 the infrared sensor of the eleventh example shown 
in Figure 34 in that a cylindrical opening control 
member 215 is provided on the opening of the seal 
case 205, as is apparent from Figure 36. The 
aperture of this opening control member 215 is set 

25 to be 3 mm, and the length thereof in the axial 
direction is set to be 30 mm, for example. The 
opening control member 215 is made of a material 
cutting off the infrared light. The opening control 
member 215 prevents the infrared light other than 

30 the infrared light output from the object to be 
detected from being incident onto the diffractive 
optical modulator, thereby improving the S/N ratio 
of the output signal. 

In the foregoing Examples 1 to 13, a diffractive 

35 optical modulator of the invention is applied to an 
infrared sensor. In the following examples, a dis- 
play device utilizing a diffractive optical modulator 
of the invention will be described. 

40 Example 14 

First, referring to Figure 37, a fundamental ar- 
rangement of a display device according to an 
example of the invention will be described. In this 

45 example, the light emitted from a light source 224 
is diffracted by a diffractive optical modulator 225, 
and then converged by a projection lens 226. The 
intensity of the light output from the diffractive 
optical modulator 225 to the lens 226 is modulated 

so in accordance with the voltage applied to the dif- 
fractive optical modulator 225. 

Next, referring to Figure 38, a more detailed 
arrangement of the display device according to this 
example of the invention will be described. The 

55 display device shown in Figure 38 includes: a white 
light source 224 such as a metaJ halide lamp and a 
xenon lamp; a dichroic mirror 229a for selectively 
reflecting red light; a dichroic mirror 229b for se- 
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lectively reflecting blue light; and a dichroic mirror 
229c for selectively reflecting green light. A cold 
mirror 227 for transmitting a heat ray or infrared 
ray and for reflecting visible light is disposed be- 
hind the light source 224. The light emitted from s 
the light source 224 as well as the light reflected 
by the cold mirror 227 is collimated or converged 
by a converging lens 228. 

In this example, the three diffractive optical 
modulators 225a to 225c having the above-de- w 
scribed configuration are used. The diffractive op- 
tical modulator 225a is disposed at a position so as 
to receive the red (Ft) light reflected by the dichroic 
mirror 229a. The diffractive optical modulator 225b 
is disposed at a position so as to receive the blue 75 
(B) light reflected by the dichroic mirror 229b. The 
diffractive optical modulator 225c is disposed at a 
position so as to receive the green (G) light trans- 
mitted by the dichroic mirror 229b. In this example, 
the red light diffracted by the diffractive optical 20 
modulator 225a is directed to a coupling prism 231 
by a mirror 230a. The green light diffracted by the 
diffractive optical modulator 225c is successively 
reflected by the dichroic mirror 229c and the mirror 
230b so as to be directed to the coupling prism 25 
231. The blue light diffracted by the diffractive 
optical modulator 225b is transmitted through the 
dichroic mirror 229c, and then reflected by the 
mirror 230b, so as to be directed to the coupling 
prism 231. The light output from the coupling prism 30 
231 is directed through the projection lens 226 so 
as to form an image on a screen (not shown). 

The three diffractive optical modulators 225a to 
225c are switched on a pixel basis by a controller 
(not shown). As a result, the incoming light is 35 
modulated on a pixel basis, and the spatial modula- 
tion of the incoming light is accomplished by the 
pixels output by the zero-order diffracted light and 
the pixels not output by the zero-order diffracted 
light. 4Q 

If the ratio of a lattice pitch A of the diffractive 
optical modulator to the central wavelength X of the 
incoming light is seven, then the diffraction angle of 
the first-order diffracted light generated by the dif- 
fractive optical modulator becomes 8.2 degrees. 45 
Accordingly, in order to prevent the first-order dif- 
fracted light from entering the aperture of the pro- 
jection lens 226, the F value (= focal length / 
effective aper ture of lens) of the projection lens is 
required to be 3.5 or more. Therefore, the F value so 
of the converging lens is also required to be 3.5 or 
more. By using such a lens, the light amount 
projected onto the screen becomes substantially 
uniform. 

In this example, the light emitted from the light 55 
source is separated into the three primary colors of 
red, green and blue, three diffractive optical 
modulators are provided so as to correspond to the 



respective colors, and a/a is set to be seven, 
whereby a display device with a high optical effi- 
ciency for projecting substantially uniform amount 
of light onto the screen can be obtained. 

Example 15 

Referring to Figures 39A and 39B, a display 
device according to another example of the inven- 
tion will be described. The display device of this 
example is different from the display device of the 
fourteenth example only in the diffractive optical 
modulator. Therefore, the components other than 
the diffractive optical modulator will not be de- 
scribed herein. 

Figures 39A and 39B show the configuration of 
one pixel of the diffractive optical modulator. In 
these figures, the reference numerals 232a to 232e 
denote beams having a thickness of one quarter of 
the wavelength of the incoming light. Aluminum, 
silver or the like is deposited on the upper surfaces 
of the beams 232a to 232e so as to function as the 
electrode and the reflection film. A spacer 233 also 
has a thickness of one quarter of the wavelength of 
the incoming light. An electrode 234, provided on a 
substrate (not shown), reflects the incoming light. 
The electrode 234, which is temporarily disposed 
below the spacer 233 for visual convenience, is in 
the same plane of the lower surface of the spacer 
233 as shown in Figure 39B. 

In the diffractive optical modulator of this ex- 
ample, the beams 232a and 232e provided on the 
spacer 233 are not deflected even upon the ap- 
plication of the electrostatic force. Therefore, the 
difference between the phase of the light reflected 
by the upper surfaces of the beams 232a and 232e 
and the phase of the light reflected by the upper 
surface of the spacer 233 is always one half of the 
wavelength. Also, in the portions of the beams 
232b, 232c and 232d supported by the spacer 
233, the phase difference is always one half of the 
wavelength. Accordingly, the phase difference is 
one half of the wavelength in all the regions be- 
tween adjacent pixels. Consequently, since the 
zero-order diffracted light is not generated from a 
region between adjacent pixels, the respective pix- 
els can be separated easily without particularly 
providing a black matrix. 

Example 16 

Referring to Figures 40A and 40B, a display 
device according to still another example of the 
invention will be described. 

The display device of this example is different 
from the display device of the fourteenth example 
only in the diffractive optical modulator. Therefore, 
the components other than the diffractive optical 
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modulator will not be described herein. In these 
figures, a dielectric film 235 has a thickness of one 
quarter of the wavelength of the incoming light, and 
aluminum, silver or the like is deposited on the 
upper surface of the dielectric film 235 so as to 
function as the electrode and the reflection film. 
Slits 236a to 2361 are produced by etching the 
dielectric film 235. A supporting beam 237 is also 
produced by etching the dielectric film 235. A 
spacer is denoted by 238, and an electrode 239 
also reflects the light. 

Next, the operation of the diffractive optical 
modulator of this example will be described. The 
dielectric film 235 is supported in the air by the 
supporting beam 237 and the spacer 238. When a 
voltage is applied between the electrode provided 
on the upper surface of the dielectric film 235 and 
the electrode 239, an electrostatic force is gen- 
erated therebetween, so that the dielectric film 235 
comes into contact with the electrode 239. Since 
the width of the supporting beam 237 is smaller 
than the width of the movable portion of the dielec- 
tric film 235. the supporting beam 237 is likely to 
be deformed, and the area of the contact portion 
between the dielectric film 235 and the electrode 
239 becomes much large. Consequently, the area 
for modulating the zero-order diffracted light be- 
comes large, and therefore, effective aperture be- 
comes. 

By making the width of the supporting beam 
smaller than the width of the movable portion, the 
supporting beam is likely to be deformed. As a 
result, the dead space not contributing to the mod- 
ulation of the zero-order diffracted light can be 
advantageously reduced. 

In this example, the same effects can be at- 
tained by making the width of each of the beams 
constituting the diffractive optical modulator smaller 
only in the vicinity of the spacer 238. 

In the diffractive optical modulator of the inven- 
tion, an insulating layer is provided between a 
movable grating and a plate, so that the material 
for constituting the grating can be freely selected 
irrespective of the conductivity thereof. If the beam 
is made of a conductive material, or if the lower 
surface of the beam is made of a conductive ma- 
terial so as to function as a second electrode, then 
the gap between the plate and the second elec- 
trode can be reduced, thereby enabling the opera- 
tion at a low voltage. In the case of using the 
diffractive optical modulator for infrared light having 
a relatively long wavelength, the reduction of the 
distance between the electrodes is effective. 

In addition, if the lower surface of the beam is 
made of a conductive material which is not likely to 
be oxidized, no residual charges remain in the 
contact portion when the modulator is driven, so 
that the residual potential difference is not gen- 



erated. Accordingly, there is no need for increasing 
the driving voltage as the modulator is driven many 
times, and there is no need for forcibly removing 
the residual charges by the application of the vol- 

5 tages having opposite polarities. Therefore, a pow- 
er supply for applying voltages having opposite 
polarities is no longer necessary, thereby realizing 
a lower cost. In addition, the fine control of the 
voltage waveform also becomes unnecessary, and 

io the modulator can always be driven stably. 

According to a method for producing a diffrac- 
tive optical modulator of the invention, a spacer 
layer is formed by an organic film and a predeter- 
mined portion thereof is removed by a dry etching 

75 process, whereby the sticking of the beams onto 
the substrate during the rinsing and the drying 
processes, which has conventionally been gener- 
ated, can be prevented. In addition, since the spac- 
er layer is uniformly etched, beams having the 

20 same length can be formed; thereby, the variation 
of the operation of the modulator can be elimi- 
nated. 

Since the length of a beam is determined by 
the pattern of a spacer layer, a diffractive optical 

25 modulator including the beams having the same 
length can be produced with satisfactory reproduc- 
ibility. Also, the minimum driving voltage of the 
diffractive optical modulator is determined by the 
length of the beam, and therefore, the driving vol- 

30 tages among a plurality of diffractive optical 
modulators can be aligned. 

Furthermore, according to the invention, a me- 
chanical chopper is no longer necessary, and it is 
possible to provide a downsized infrared sensor 

35 operating at a lower power consumption. The dura- 
bility thereof is also improved. If the inclination 
angle 0 t of the diffractive optical modulator is set to 
be 45 degrees or less, for example, the increase in 
the driving voltage can be suppressed to twice or 

40 less as compared with the case where the light is 
vertically incident. Further, if the inclination angle 9 X 
is set to be 25 degrees or less, the length of the 
beam is set to be 3 mm or less and the residual 
stress is controlled to be a tensile stress of +10 

45 MPa or less, then the modulator can be driven at 5 
V or less. As a result, a circuit for increasing the 
voltage is no longer necessary, and a lower cost is 
realized. Moreover, by providing the pyroelectric 
element and the signal amplifier on the supporting 

so plate and by supporting the supporting plate by the 
electrode pins, the infrared sensor can be con- 
structed easily. 

The display device of the invention realizes the 
spatial modulation of the light at a larger effective 

55 aperture, as compared with a liquid crystal display 
device. In addition, since the polarization is no 
longer necessary, the optical efficiency is im- 
proved. Therefore, a brighter image can be ob- 
oe; 
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selected from the group consisting of Au, Pt, 
Ti, an NiCr alloy, a CuNi alloy, chrome steel, 
and a conductive organic material. 

5 9. A diffractive optical modulator according to 
claim 1, wherein the spacer layer is made of 
the same material as a material of the plurality 
of beams. 

w 10. A diffractive optical modulator according to 
claim 9, wherein a width of the beams sup- 
ported on the spacer layer in a longitudinal 
direction is less than twice of a thickness of 
the beams. 

75 

11. A diffractive optical modulator comprising: 

a plate having a portion functioning as a 
first electrode, and an upper surface and a 
bottom surface; 
20 a spacer layer formed on the upper sur- 

face of plate; and 

a grating consisting of a plurality of beams 
having a portion functioning as a second elec- 
trode, both ends of the beams being supported 
25 on the spacer layer; 



tatned. 

Various other modifications will be apparent to 
and can be readily made by those skilled in the art 
without departing from the scope and spirit of this 
invention. Accordingly, it is not intended that the 
scope of the claims appended hereto be limited to 
the description as set forth herein, but rather that 
the claims be broadly construed. 

Claims 

1. A diffractive optical modulator comprising: 

a plate having a portion functioning as a 
first electrode; 

a spacer layer formed on the plate; and 
a grating consisting of a plurality of beams 
having a portion functioning as a second elec- 
trode, both ends of the beams being supported 
on the spacer layer; 

wherein, by adjusting a voltage applied 
between the first electrode and the second 
electrode, a distance between the beams and 
the plate is varied, thereby controlling the dif- 
fraction efficiency, 

and wherein an insulating layer is further 
provided between the plate and the plurality of 
beams. 

2. A diffractive optical modulator according to 
claim 1, wherein a reflection film is formed on 30 
a surface of the insulating layer and on sur- 
faces of the beams. 

3. A diffractive optical modulator according to 
claim 1, wherein the plate is made of a semi- 35 
conductor functioning as the first electrode. 

4. A diffractive optical modulator according to 
claim 1, wherein the plate consists of a con- 
ductive layer functioning as the first electrode 40 
and an insulating substrate for supporting the 
conductive layer. 

5. A diffractive optical modulator according to 
claim 1, wherein at least lower surfaces of the 45 
beams are made of a conductive material. 

6. A diffractive optical modulator according to 
claim 1, wherein at least lower surfaces of the 
beams are made of a conductive material 50 
which is not likely to be oxidized. 

7. A diffractive optical modulator according to 
claim 1, wherein the spacer layer is made of 

an organic material. 55 

8. A diffractive optical modulator according to 
claim 5, wherein the conductive material is 



wherein, by adjusting a voltage applied 
between the first electrode and the second 
electrode, a distance between the beams and 
the plate is varied, thereby controlling the dif- 
fraction efficiency, 

and wherein a first anti reflection film made 
of an insulating material is further provided on 
the upper surface of the plate, and a second 
antireflection film made of an insulating ma- 
terial is further provided on the bottom surface 
of the plate, 

and wherein each of the beams consists of 
a beam -shaped reflection film functioning as 
the second electrode and being made of a 
conductive material, and an elastic layer 
formed on the beam-shaped reflection film. 

12. A diffractive optical modulator comprising: 

a plate having a portion functioning as a 
first electrode; 

a spacer layer formed on the plate; and 
a grating consisting of a plurality of beams 
having a portion functioning as a second elec- 
trode, both ends of the beams being supported 
on the spacer layer; 

wherein, by adjusting a voltage applied 
between the first electrode and the second 
electrode, a distance between the beams and 
the plate is varied, thereby controlling the dif- 
fraction efficiency, 

and wherein the plurality of beams are 
arranged so that a movable distance between 
the plurality of beams and the plate becomes 
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minimum on an optical axis of incoming light. 

13. A diffractive optical modulator comprising: 

a plate having a portion functioning as a 
first electrode; 5 

a spacer layer formed on the plate; and 

a grating consisting of a plurality of beams 
having a portion functioning as a second elec- 
trode, both ends of the beams being supported 
on the spacer layer; io 

wherein, by adjusting a voltage applied 
between the first electrode and the second 
electrode, a distance between the beams and 
the plate is varied, thereby controlling the dif- 
fraction efficiency, 75 

and wherein a thickness of the plurality of 
beams is adjusted so as to be minimal on an 
optical axis of incoming light. 

14. A diffractive optical modulator according to 20 
claim 11, wherein the spacer layer is made of 

an organic material. 

15. A diffractive optical modulator according to 
claim 11, wherein the first electrode is ground- 25 
ed, and a voltage is applied to the beam- 
shaped reflection film. 

16. A diffractive optical modulator according to 
claim 11, wherein the elastic layer is made of 30 
the same material as a material of the beam- 
shaped reflection film. 

17. A diffractive optical modulator according to 
claim 1 1 , wherein the conductive material is 35 
selected from the group consisting of Au, Pt, 

Ti, an NiCr alloy, a CuNi alloy, chrome steel, 
and a conductive organic material. 

18. A method for producing a diffractive optical 40 
modulator of claim 13, comprising the steps of: 

depositing a first layer functioning as a 
spacer layer on a plate; and 

depositing a second layer functioning as 
beams on the spacer layer, 45 

wherein, during the step of depositing the 
first layer, the first layer is deposited while 
moving a shield disposed between a deposi- 
tion source for supplying a material of the first 
layer towards the plate and the plate, thereby 50 
varying a thickness of the first layer at respec- 
tive positions. 

19. A method for producing a diffractive optical 
modulator of claim 13, comprising the steps of: 55 

depositing a first layer functioning as a 
spacer layer on a plate; and 

depositing a second layer functioning as 

97 



beams on the spacer layer, 

wherein, during the step of depositing the 
second layer, the second layer is deposited 
while moving a shield disposed between a 
deposition source for supplying a material of 
the second layer towards the plate and the 
plate, thereby varying a thickness of the sec- 
ond layer at respective positions. 

20. A method for producing a diffractive optical 
modulator of claim 7, comprising the steps of: 

forming an insulating film on a plate having 
a portion functioning as a first electrode; 

depositing an organic film on the insulating 

film; 

depositing a conductive thin film on the 
organic film; 

patterning the conductive thin film, thereby 
forming a plurality of beams functioning as a 
second electrode; and 

removing a predetermined portion of the 
organic film by a dry etching process, thereby 
forming a spacer for supporting both ends of 
the plurality of beams. 

21. A method for driving a diffractive optical 
modulator of claim 5, wherein voltages in a 
rectangular waveform having an equal absolute 
value and opposite polarities are applied to the 
first electrode and the second electrode, re- 
spectively. 

22. A method for driving a diffractive optical 
modulator of claim 1 1 , wherein voltages in a 
rectangular waveform having an equal absolute 
value and opposite polarities are applied to the 
first electrode and the second electrode, re- 
spectively. 

23. An infrared sensor comprising: a lens for con- 
verging infrared light and a pyroelectric ele- 
ment, 

wherein a diffractive optical modulator for 
receiving the infrared light converged by the 
lens and for outputting at least a part of the 
infrared light toward the pyroelectric element is 
further provided, 

the diffractive optical modulator compris- 
ing: 

a plate having a portion functioning as a 
first electrode; 

a spacer layer formed on the plate; and 

a grating consisting of a plurality of beams 
having a portion functioning as a second elec- 
trode, both ends of the beams being supported 
on the spacer layer, 

wherein, by adjusting a voltage applied 
between the first electrode and the second 
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electrode, a distance between the beams and 
the plate is varied, thereby controlling the dif- 
fraction efficiency of the diffractive optical 
modulator. 

5 

24. An infrared sensor according to claim 23, fur- 
ther comprising: 

a signal amplifier, connected to the 
pyroelectric element, for outputting an electric 
signal indicating an amount of infrared light w 
received by the pyroelectric element; and 

a plurality of electrode pins connected to 
the first and the second electrodes of the dif- 
fractive optical modulator and the signal am- 
plifier and the pyroelectric element, the elec- 75 
trode pins externally protruding from the bot- 
tom surface of the seal case. 

25. An infrared sensor according to claim 24, fur- 
ther comprising a supporting plate for support- 20 
ing the pyroelectric element and the signal 
amplifier. 

26. An infrared sensor according to claim 25, 
wherein at least one of the plurality of elec- 25 
trode pins extends to an inside of the seal 
case, and the at least one electrode pin sup- 
ports the supporting plate. 

27. An infrared sensor according to claim 24, fur- 30 
ther comprising a shield which is disposed 
between the pyroelectric element and the dif- 
fractive optical modulator and is grounded. 

2a An infrared sensor according to claim 23, 35 
wherein the diffractive optical modulator has an 
inclination angle (0 X ) of 45 degrees or less with 
respect to an upper surface of the seal case. 

29. An infrared sensor according to claim 23, 40 
wherein the angle ($ x ) is 25 degrees or less. 

30. An infrared sensor according to claim 23, 
wherein the plate is disposed being inclined so 

that a normal with respect to a principal plane 45 
of the plate is not parallel to an optical axis of 
the lens. 

31. An infrared sensor according to claim 23, 
wherein the diffractive optical modulator is dis- 50 
posed so that only zero-order diffracted light of 

light diffracted by the grating is incident on the 
pyroelectric element and that the diffracted 
light other than the zero-order diffracted light is 
not incident on the pyroelectric element. 55 

32. An infrared sensor according to claim 23, 
wherein an amount of the zero-order diffracted 



light is varied in accordance with a variation of 
a distance between the beams and the plate of 
the diffractive optical modulator. 

33. An infrared sensor according to claim 23, 
wherein a seal case having an opening in- 
cludes the diffractive optical modulator and the 
pyroelectric element. 

34. An infrared sensor according to claim 33, 
wherein the lens for converging the infrared 
light is provided so as to cover the opening of 
the seal case. 

35. An infrared sensor according to claim 34, 
wherein the seal case comprises: an upper 
surface for supporting the lens; a bottom sur- 
face parallel to the upper surface; and an in- 
clined member for supporting the diffractive 
optical modulator so that the diffractive optical 
modulator is inclined with respect to the bot- 
tom surface by an inclination angle 6 t , 

and wherein the diffractive optical modula- 
tor is disposed on the inclined member. 

36. An infrared sensor according to claim 23, 
wherein the lens for converging the infrared 
light is a diffractive lens. 

37. An infrared sensor according to claim 36, 
wherein the lens for converging the infrared 
light has a corrugated structure corresponding 
to a phase modulation of the lens and is made 
of a material selected from the group consist- 
ing of Si, Ge, GaAs, InP, GaP, ZnSe and ZnS. 

3a An infrared sensor according to claim 23, 
wherein a period of the grating is seven times 
or more of a wavelength of the infrared light. 

39. An infrared sensor according to claim 23, 
wherein the plurality of beams are arranged so 
that a movable distance of the grating be- 
comes minimum on an optical axis of incoming 
infrared light. 

40. An infrared sensor according to claim 23, 
wherein a thickness of the plurality of beams is 
adjusted so as to be minimum on an optical 
axis of incoming infrared light. 

41. An infrared sensor according to claim 23, 
wherein the diffractive optical modulator is dis- 
posed so that a direction parallel to a principal 
plane of the plate and vertical to the beams is 
vertical to an optical axis of the lens. 
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42. An infrared sensor according to claim 23, 
wherein a movable distance of the beams is 
set to be X/(4cos0) ( where \ is a wavelength of 
the infrared light, and d is an angle formed 
between a normal with respect to the principal 5 
plane of the plate of the diffractive optical 
modulator and the optical axis of the lens. 

43. An infrared sensor according to claim 23, 
wherein a thickness of the beams is set to be 10 
X/(4cos0), where X is a wavelength of the in- 
frared light, and 0 is an angle formed between 

a normal with respect to the principal plane of 
the plate of the diffractive optical modulator 
and the optical axis of the lens. 75 

44. An infrared sensor according to claim 23, 
wherein an insulating layer is provided be- 
tween the plate of the diffractive optical 
modulator and the beams. 20 

45. An infrared sensor according to claim 44, 
wherein at least lower surfaces of the beams 
are made of a conductive material which is not 
likely to be oxidized. 25 

46. An infrared sensor according to claim 45, 
wherein a reflection film is formed on a surface 
of the insulating layer and on surfaces of the 
beams. 30 

47. An infrared sensor according to claim 44, 
wherein the beams of the diffractive optical 
modulator are made of a conductive material. 

35 

48. An infrared sensor comprising: a diffractive op- 
tical modulator for outputting at least a part of 
incoming infrared light; a lens; and a pyroelec- 
tric element, 

wherein the lens converges the infrared 40 
light output from the diffractive optical modula- 
tor on the pyroelectric element, 

the diffractive optical modulator compris- 
ing: 

a plate having a portion functioning as a 45 
first electrode; 

a spacer layer formed on the plate; and 

a grating consisting of a plurality of beams 
having a portion functioning as a second elec- 
trode, both ends of the beams being supported 50 
on the spacer layer; 

wherein, by adjusting a voltage applied 
between the first electrode and the second 
electrode, a distance between the beams and 
the plate is varied, thereby controlling the dif- 55 
fraction efficiency of the diffractive optical 
modulator. 



49. An infrared sensor according to claim 48, 
wherein at least lower surfaces of the beams 
are made of a conductive material which is not 
likely to be oxidized. 

50. An infrared sensor according to claim 48, fur- 
ther comprising: 

a signal amplifier, connected to the 
pyroelectric element, for outputting an electric 
signal indicating an amount of infrared light 
received by the pyroelectric element; and 

a plurality of electrode pins connected to 
the first and the second electrodes of the dif- 
fractive optical modulator and the signal am- 
plifier and the pyroelectric element, the elec- 
trode pins externally protruding from the bot- 
tom surface of the seal case. 

51. An infrared sensor according to claim 50, fur- 
ther comprising a supporting plate for support- 
ing the pyroelectric element and the signal 
amplifier. 

52. An infrared sensor according to claim 50. 
wherein at least one of the plurality of elec- 
trode pins extends to an inside of the seal 
case, and the at least one electrode pin sup- 
ports the supporting plate. 

53. An infrared sensor according to claim 52, fur- 
ther comprising a shield which is disposed 
between the pyroelectric element and the dif- 
fractive optical modulator and is grounded. 

54. An infrared sensor according to claim 48, 
wherein the diffractive optical modulator has an 
inclination angle (0 t ) of 45 degrees or less with 
respect to an upper surface of the seal case. 

55. An infrared sensor according to claim 48, 
wherein the angle (0 X ) is 25 degrees or less. 

56. An infrared sensor according to claim 48, 
wherein the plate is disposed being inclined so 
that a normal with respect to a principal plane 
of the plate is not parallel to an optical axis of 
the lens. 

57. An infrared sensor according to claim 48, 
wherein the diffractive optical modulator is dis- 
posed so that only zero-order diffracted light of 
light diffracted by the grating is incident on the 
pyroelectric element and that the diffracted 
light other than the zero-order diffracted light is 
not incident on the pyroelectric element. 

58. An infrared sensor according to claim 48, 
wherein an amount of the zero-order diffracted 
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light is varied in accordance with a variation of 
a distance between the beams and the plate of 
the diffractive optical modulator. 

59. An infrared sensor according to claim 48, 5 
wherein a seal case having an opening in- 
cludes the diffractive optical modulator and the 
pyroelectric element. 

60. An infrared sensor according to claim 48, 10 
wherein the lens for converging the infrared 
light is a diffractive lens. 

61. An infrared sensor according to claim 60, 
wherein the lens for converging the infrared 
light has a corrugated structure corresponding 
to a phase modulation amount of the lens and 
is made of a material selected from the group 
consisting of Si, Ge, GaAs, InP, GaP, ZnSe 
and ZnS. 

62. An infrared sensor according to claim 48, 
wherein a period of the grating is seven times 
or more of a wavelength of the infrared light. 

63. An infrared sensor according to claim 48, 
wherein the diffractive optical modulator is dis- 
posed so that a direction parallel to a principal 
plane of the plate and vertical to the beams is 
vertical to an optical axis of the lens. 

64. An infrared sensor according to claim 48, 
wherein a movable distance of the beams is 
set to be X/(4cos0), where X is a wavelength of 
the infrared light, and 0 is an angle formed 35 
between a normal with respect to the principal 
plane of the plate of the diffractive optical 
modulator and the optical axis of the lens. 

65. An infrared sensor according to claim 48, 40 
wherein a thickness of the beams is set to be 
X/(4cosd), where X is a wavelength of the in- 
frared light, and 6 is an angle formed between 

a normal with respect to the principal plane of 

the plate of the diffractive optical modulator 45 

and the optical axis of the lens. 

66. An infrared sensor according to claim 48, 
wherein an insulating layer is provided be- 
tween the plate and the beams of the diffrac- so 
tive optical modulator. 

67. An infrared sensor according to claim 66, 
wherein the beams of the diffractive optical 
modulator are made of a conductive material. 55 

68. An infrared sensor according to claim 48, 
wherein a seal case having an opening in- 



cludes the diffractive optical modulator, the 
pyroelectric element and the lens. 

69. An infrared sensor according to claim 68, 
wherein an infrared wavelength filter is pro- 
vided so as to cover the opening of the seal 

case. 

70. An infrared sensor according to claim 68, fur- 
ther comprising an opening control means pro- 
vided for the opening. 



72. A method for producing an infrared sensor 
comprising a lens for converging infrared light, 
a pyroelectric element and a diffractive optical 
modulator for receiving the infrared light con- 
verged by the lens and for outputting at least a 
part of the infrared light to the pyroelectric 
element, 

wherein a method for producing the dif- 
fractive optical modulator comprises the steps 
of: 

depositing a first layer functioning as a 
spacer layer on a plate; and 

depositing a second layer functioning as 
beams on the spacer layer, 

wherein, during the step of depositing the 
second layer, the second layer is deposited 
while moving a shield disposed between a 
deposition source for supplying a material of 
the second layer towards the plate and the 
plate, thereby varying a thickness of the sec- 
ond layer at respective positions. 

73. A method for producing an infrared sensor 
comprising a lens for converging infrared light, 



71. A method for producing an infrared sensor 
comprising a lens for converging infrared light, 
15 a pyroelectric element and a diffractive optical 

modulator for receiving the infrared light con- 
verged by the lens and for outputting at least a 
part of the infrared light to the pyroelectric 
element, 

20 wherein a method for producing the dif- 

fractive optical modulator comprises the steps 
of: 

depositing a first layer functioning as a 
spacer layer on a plate; and 
25 depositing a second layer functioning as 

beams on the spacer layer, 

wherein, during the step of depositing the 
first layer, the first layer is deposited while 
moving a shield disposed between a deposi- 
30 tion source for supplying a material of the first 

layer towards the plate and the plate, thereby 
varying a thickness of the first layer at respec- 
tive positions. 
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a pyroelectric element and a diffractive optical 
modulator for receiving the infrared light con- 
verged by the lens and for outputting at least a 
part of the infrared light to the pyroelectric 
element, 

wherein a method for producing the dif- 
fractive optical modulator comprises the steps 
of: 

forming an insulating film on a plate having 
a portion functioning as a first electrode; 

depositing an organic film on the insulating 

film; 

depositing a conductive thin film on the 
organic film; 

patterning the conductive thin film, thereby 
forming a plurality of beams functioning as a 
second electrode; and 

removing a predetermined portion of the 
organic film by a dry etching process, thereby 
forming a spacer for supporting both ends of 
the plurality of beams. 



the diffractive optical modulator controlling 
the diffraction efficiency by varying a gap be- 
tween the beams and the plate by adjusting a 
voltage applied between the first electrode and 
5 the second electrode. 

78. A display device according to claim 77, 
wherein the plurality of diffractive optical 
modulators further comprise an insulating layer 

70 formed between the plate and the plurality of 

beams. 

79. A display device according to claim 77, 
wherein a region for forming a phase differ- 

15 ence which is one half of a wavelength of the 

light is provided between adjacent modulators 
of the plurality of diffractive optical modulators. 

80. A display device according to claim 74, further 
20 comprising a separation means for separating 

the light emitted from the light source into a 
plurality of light beams having different 
wavebands, 

wherein the diffractive optical modulation 
25 unit is disposed on an optical path of each of 

the plurality of light beams. 

81. A display device according to claim 74, 
wherein the diffractive optical modulation unit 

30 comprises a plurality of diffractive optical 



74. A display device comprising: a light source; a 
diffractive optical modulation unit provided on 
an optical path of light emitted from the light 
source; and an optical element for imaging 
light output from the diffractive optical modula- 
tion unit, 

wherein the diffractive optical modulation 
unit is provided with a diffractive grating 
means, thereby controlling a diffraction effi- 
ciency of the diffractive grating means. 

75. A display device according to claim 74, 
wherein the diffractive grating means is a re- 35 
flective type means. 

76. A display device according to claim 74, 
wherein a lattice pitch of the diffractive grating 
means is seven times or more of a central 40 
value of a waveband of the light. 

77. A display device according to claim 74, 
wherein the diffractive optical modulation unit 
comprises a plurality of diffractive optical 45 
modulators two-dimensionally arranged as the 
diffractive grating means, and the plurality of 
diffractive optical modulators respectively cor- 
respond to a plurality of pixels, 

each of the plurality of diffractive optical 50 
modulators comprising: 

a plate having a portion functioning as a 
first electrode; 

a spacer layer formed on the plate; and 

a grating consisting of a plurality of beams 55 
having a portion functioning as a second elec- 
trode, both ends of the beams being supported 
on the spacer layer; 



modulators two-dimensionally arranged as the 
diffractive grating means, and the plurality of 
diffractive optical modulators respectively cor- 
respond to a plurality of pixels, 

each of the plurality of diffractive optical 
modulators comprising: 

a plate having a portion functioning as a 
first electrode; 

a supporting beam formed on the plate; 

and 

a grating consisting of a plurality of beams 
having a portion functioning as a second elec- 
trode, both ends of the beams being supported 
on the supporting beam; 

a width of the supporting beam being 
smaller than a width of a movable portion of 
each of the plurality of beams, 

the diffractive optical modulator controlling 
a diffraction efficiency by varying a gap be- 
tween the beams and the plate by adjusting a 
voltage applied between the first electrode and 
the second electrode. 
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